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Foreword 


Foreword 


FEA (Finite element analysis) is widely used in solving engineering problems and has 
become an essential design tool for engineers. LS-DYNA is one of the best explicit finite 
element analysis software made by Livermore Software Technology Corporation (LSTC) 
which is used by engineers to predict the highly non-linear engineering problems. This book 
presents 17 chapters including workshop engineering problems and can serve as a self- 
learning guidebook that enables students and engineers in civil, mechanical, aerospace and 
biomedical engineering to solve practical finite-element based problems. This book guides 
readers by providing a step by step procedure to create the FE model using LS-Prepost. This 
book adopts a “hands-on, practice, workshop" experience, that is focused on providing 
practical implementing knowledge for FE analysis with LS-DYNA, rather than emphasizing 
mathematical theory. The materials in the book have been developed by the authors for the 
purpose of training post-graduate students and engineers. The reader will be guided from 
staring LS-DYNA modeling sessions to constructing parts and assembly, creating mesh, 
generating analysis keywords and reviewing results. The chapters in the book can be read 
sequentially, depending on the needs of the reader. Several examples, graduate-level and 
industrial application courses that can be thought, together with the corresponding chapters. 
The first chapter gives an introduction to LS-DYNA FE analysis software. From chapter 2 
through 4, the book introduces the general work environment of LS-Prepost to create a model 
and solve analysis with a couple of examples. Part B introduces models from various fields so 
that users can gain experience in various fields of analysis through example lessons in LS- 
DYNA's strong analysis field. Part C introduces seven workshop models including industrial- 
FE models with meshless methods, ALE methods, explosive analysis, high-speed impact 
analysis, etc. Additionally, useful tips and know-how in FE analysis are summarized in the 
appendix. Fundamental approaches of this book are that the more FE models you create, the 
better readers learn the FEA and the program. It is intended to help readers establish a solid 
basis for FE problem-solving capability with LS-DYNA. Finally, I wish to thank reviewers 
for their valuable comments and suggestions. Of course, we take full responsibility for any 
mistakes in the book. We also welcome any suggestions from readers that could help us 
improve the book in the following edition. We welcome all those who would like to co-work 


on FEA-based engineering projects in the future. 


October 2019 
Ryan Lee 
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Chapter 1. What's LS-DYNA 


Part A. 


What's LS-DYNA? 


This chapter consists of a basic introduction for readers who are new 
to LS-DYNA and contents that can learn the application concept 
through simple example exercises. If you have used LS-DYNA before, 
you can start from Part B. 


You can download the training model files by scanning the QR code 


given in the Appendix. 
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CHAPTER 1. INTRODUCTION OF LS-DYNA 


LS-DYNA is a general-purpose nonlinear analysis program based on the finite element 
analysis technique. Recently, it is been widely used in various engineering fields which 
requires Multi-physics FE Analysis. Although there are not many users, they are used 
extensively in the automotive industry for collision/impact analysis. LS-DYNA is known to 
be a very powerful program for analyzing dynamic behavior and any general mechanics 
analysis problem which are solved using ABAQUS, ANSYS and NASTRAN can also be 
analyzed with the help of LS-DYNA. Therefore, the General-Purpose LS-DYNA FE package 
is widely used not only in automobile companies but also in aviation, construction, defense, 


manufacturing and medical fields all over the world. 


> LSIC . LS-DYNA* 


Livermore Software 
Technology Corp. 


А Ll af LS-DYNA Corp., LSTC(Livermore Software Technology Corporation) 


LS-DYNA provides a wide variety of functions, but it is very powerful especially for solving 
complex nonlinear analysis based on explicit analysis algorithms, providing excellent 
analysis results in the collision, explosion, and machining fields of automobiles. In general, 
finite element analysis classes in graduate schools do not have easy access to LS-DYNA 
because they are assigned to work on programs such as ABAQUS or ANSYS. However, 
there are few departments that have no other choice than using LS-DYNA for actual 
design/analysis in branches such as automotive, aviation and shipbuilding. There are a 
number of laboratories in the Graduate Engineering School that use LS-DYNA for a variety 


of research projects. However, there are not many users, so it is not easy to learn by yourself. 


A Lar crash analysis case (Dodge Neon vs. Tayata-RAVA)' 


! Image courtesy: LSTC.com 
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Looking back at the history of LS-DYNA, it is almost in line with the period when FEM was 
very active. In 1976, Dr. John O. Hallquist, who was working at LLNL (Lawrence Livermore 
National Laboratory) in California, began developing the first 3D FEA program called 
DYNAS3D. Interpretation codes were developed for explosives research conducted at LLNL, 
which was run by the US government. It was developed to analyze explosions of various 
bombs for weapons development. It was a time when the initial computer capabilities were 
not adequate and there was no 3D analysis program available commercially. The Early 
DYNA3D program was used in a variety of analyzes, in particular, it was carried out on the 
development of any weapons prior to the physical testing using explicit time integration 
(extrapolation). 

DYNA3D made a great improvement in the 1980s with the rapid growth of computer 
capability. As the program became commercially available to the general public, many 
functions were added on request from several users. Various elements, contact, and material 
models have been added with numerous analysis algorithms improvement to enable a coupled 
analysis of the various physical problem. Structure-related interaction analysis, such as 
explosive structure or soil structure, has been made possible and the high-speed impact 
analysis has been significantly improved. In 1988, it was developed into a commercial 
company called LSTC. Since then, the program was renamed to LS-DYNA and many 
functions have been added with numbers of users gradually expanding across the world. 
Recently, the range of applications has been gradually expanded for user convenience and 
excellent analysis functions are added for general use including other analysis programs. 
LSTC is currently based in California and holds annual user conferences that are widely 
applied and used in various fields of research and have published a number of research 


papers. 


A Driver / Pedestrian Crash Analysis ? 


? Image courtesy : Center for applied biomechanics, University of Virginia, 2015 
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| LS-DYNA Application 


LS-DYNA is suitable for analysis of dynamic behavior mechanics involved with large 
deformation and it’s relatively easy to solve due to the characteristics of the program, 
complex non-linear materials, and complex contact algorithm. It is possible to select not only 
explicit but also implicit analysis and it can be chosen according to the condition. It also 
includes functions such as Smooth Particle Hydrodynamics (SPH), Arbitrary Lagrangian- 
Eulerian (ALE) and Boundary Element Method (BEM) for solving multi-physics analysis. 
However, It can be identified that keyword-based modeling is somewhat inferior in user 
convenience compared to other large analysis programs. Also, the learning curve for 
understanding and using the keyword edition is inferior while resolving any analysis for the 
first time. In order to overcome this drawback, the pre-processing / post-processing program 
called LS-Prepost(GUI) is distributed for free online for LS-DYNA users. 

One of the advantages of LS-DYNA is that it can solve very high nonlinear multiphysics 
problems with a single code and also can be applied for various fields. It aims to be a "one 
code strategy" and provides a solution related to highly non-linear multiphysics (Multi- 
Physics + Multi-stage) where various physics are intertwined. Other programs often analyze 
multiple physics by binding and coupling codes from various sources. DYNA can be solved 
with a single code, which is quite efficient in the modeling process. For example, 
temperature-displacement or fluid-structure interaction analysis is a typical illustration 
containing multi-physics analysis. In addition, crash, airbag, seat belts and sensor analysis, 
which are specialized in the automotive industry, are also solved using LS-DYNA. A 
representative case of LS-DYNA is a landing simulation using Mars Pathfinder's Airbag, one 
of NASA's Mars exploration projects in the late '90s. Recently, the Orion Crew Module, a 


crew member of the space shuttle, has been successfully used in the airbag landing analysis. 


Airbag assisted the landing of NASA JPL Mars Pathfinder? 


5 Image courtesy of NASA JPL - Caltech, July 4, 1997 


В | Part.A CI 


Chapter 1. What's LS-DYNA 


А Airbag Landing Test and Corresponding LS-DYNA model! 


It is also widely used in most metal processing and molding processes analysis fields such as 
metal forming, stamping, rolling, extrusion, and machining. In addition, it is used in the fields 
of biomechanics such as biostructure analysis, implant analysis, seismic analysis such as 
earthquake analysis of buildings and building safety. The National Transport and Safety 
Board (NTSB) and the Federal Aviation Administration (FAA) in the US also use LS-DYNA 
as the standard analysis program in various certification tests and piloting procedures. The 
following figures show examples of representative analysis fields used in LS-DYNA 
analysis. 


Y Crashworthiness/ Driver Impact/ Drop test simulation 
Y Mesh Free Method: ALE, ЕЕС, SPH, Airbag particle 
м Heat Transfer Analysis 

*Y Metal Forming Analysis 

Y Earthquake Engineering 

Y Acoustic/Vibration/Fatigue 

Y Discrete element method 

Y CFD (incompressible, compressible) 
м EM (Electromagnetism) 


Driver Ітрас «0—98 


Door Impact 


(BW Engineering) 


Human Torso-Blast Loading 


(GW Engineering) 


Container drop 


^ Image courtesy of R.B. Timmers et al, Modeling and Simulation of 2nd Generation Orion Crew Module Airbag Landing System, AIAA, 2009 
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Chapter 2. How to Use LS-Prepost 


| AboutLS-Prepost 


What do we need to simulate any analysis using LS-DYNA? AII we need is the LS-DYNA 
Solver, LS-Prepost and the analyst's brain. Here, LS-Prepost 1s a dedicated pre- and post- 
processing program for LS-DYNA. LSTC always distributes the latest version free of charge 
and it is an essential program to use LS-DYNA, so download the latest version and use it for 
practice. Please note that both Windows and Linux versions are available. As of October 19, 


version 4.6 is released, so download and install the latest version from the below link: 
http://ftp.lstc.com/anonymous/outgoing/Isprepost/ 


When you run this program for the first time, you may feel that the GUI is very old. In fact, 
the users may feel it's not a very good program in terms of GUI. However, if you look closely 
at the features provided, you will often find features that are more superior to those offered 
by large companies and they offer quite a lot of features. If you are a beginner, it may take 
some time to learn, but once you get it right, it's a versatile program. In fact, many programs 
such as Hyperworks, Ansys and Patran can generate Dyna keywords, but LS-Prepost 
provided by the same company is the most compatible, so you must learn and become 


familiar with the LS-Prepost working environment. 
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All keywords provided by LS-DYNA can be created in LS-Prepost and as the name implies, 


both pre-process and post-process functions are included. 


* Generate Keyword 
LS-Prepost * Geometry 

e Material 

* Process 


LS-DYNA * Salve numerical 


model 
LS-Prepost | 


* View graphical results 
*  Plotting 
* Extract numerical data 


Let's run LS-Prepost first and look at the basic GUI. In this book, we have utilized version 


4.5 released on May 18. The basic GUI has all the functions of a general preprocessor and 


does not differ much from other programs. The model feature tree in the viewport is very 


useful when modeling because all the components are shown in a tree structure. 


MÀ LS-PrePost(R) V4.5.15 - 08Mar2018-64bit D:\ TEMP\DYNA\Scracth\hemi.draw_update.k = n x 
File Misc, View Geometry FEM Application Settings Help 


759999899 bay 


View Toolbar 


iv 
Qs 


ETE 


Bem sw 


EE 


* ти p 


"Aii P ENR AGE 


Simulate holding the Shift or Ctrl key ў Fast Renderer 


Bottom toolbar 


A LS-DYNA's GUI screen 
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Like all other CAD/CAE systems, the ease of use of the mouse is a very important factor in 
successful modeling. Learn the following features from your hand tom familiarize the 


options: 


Model manipulation 


= Shift + © — Rotate 
= Shift + E — Translate 


= Shift + a (or scroll wheel) — Zoom 


Graphic Selection 
* Select (single) — Left Click 


* Select (Rectangle) — Left Click +Drag 
= Select (Polygon) — Left Click + Left click — Right click at final 
= Select (list) — Left Click + Drag and additional pick (Control+Left click) 


* [f you press Control instead of Shift, only the line will be shown when you move the model. 


Now let's take a look at some basic menus. Select the File Menu — Import — STEP file 
and import the W2 connectingrod.stp model. When the import option floating/ popup 
window appears, select unit as m [meter] because the file is modeled in the metric unit. The 
File menu is a basic file management menu, so no further explanation is needed. The Run LS- 
DYNA function allows you to perform analysis directly by controlling the solver directly, 


which is further explained later. 


M LSPen va 5.15 - 002011 
Ме Mic, View Geometry FIM Application Setting: Help 
New 
Opes — 2-а 
LS DYNA Keyword File Carte! 
Recert Nastran Fie 
Sue Nastran- pch File 
Save fla ; Occupaet Model 
IGES File снб 
vs o» STEP Read Options х 
Run L$-DYNA Dynain Вену File 
У d (&) Check Unit 
Pont. Cnt P I-DEAS Universal Fle 
Mowe см STL File О Specify Unit |m m 
Ба O Scale Factor 1.0 
(Don't pop-up any more. 
Default OK 
A File menu 
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As you can see in the Import menu, you can import the Dyna keyword model, Nastran model, 
Ideas model and so on. You can also import a *.stl model of points. Expanding the model 


tree, you can see that this imported model consists of various surfaces (outer shell). 


Wi LS-PrePost(R) V4.5.15 - 08Mar2018-64bit D:\TEMP\DYNA\Library\W2_ConnectingRod.stp = 


File Misc. View Geometry FEM Application Settings Help 

DES 

BM 

Е 39999899 
au gg 


y; Planar Face 10 
s, Planar Face 11 


= Cylindrical Face 12 


m Cylindrical Face 13 
s, Planar Face 14 
s, Planar Face 15 


A Imported Connecting Rod model 


Expand the View menu in the top menu bar to see what updates are done as shown in the 
graphic display while you use the feature once in the current model. The Geometry toolbar 
provides basic CAD model functionality with curves, surfaces, solids, and geometry tools. It 
offers a lot of features, but it takes a lot of time to familiarize and if you already have a CAD 
system with which you are comfortable, we suggest using it. We find it much more effective 
to use familiar CAD programs such as CATIA or SolidWorks, which we have already used, 
rather than geometry modeling in Prepost. In this tutorial, a detailed explanation of geometry 
modeling is omitted and it is recommended to generate CAD model using a program familiar 


to the readers. 
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Misc. Toolbar View Toolbar Geometry [5] 
Misc. View Geometry FEM Application Setting: View Geomety FEM Application тр, 
i =a Ful Screen (Esc to Ent) j 
View Memory Info е 
View Message Info 
Display Ruter х 
Set Keyword Title ©] 
Swap Byte On Title 
Start Recording Commands rai 
Launch Macro Interface 
Manage Command File fev \ 
Execute System Call ©з 
Keyword File Separate [SY 
D3hsp View Ф 
Bottom Dead Center e 
Fa 
Record Win Macro Сым Shift«M xj 
Playback Win Macro File Ctrl Shift P P 
\ 
- 
"я 
— 
—— 
% 
г, 
>» 
=й 


ASQ 989»419e90Q9»ltLv iw 


Ф МУАУ) ONO\+ р 
QE TYEJqUEEX WIN = 


A Misc. View. Geometry toolbar 


The above figure highlights the most used FEM menu used while modeling. In this FEM 
menu, you can create, modify and supplement elements and nodes in your own or imported 
CAD models and create and modify many keywords. The descriptions of each individual 
menus are shown in the following figure. Commonly and frequently used menus are marked 
in thick, so remembering the shape and meaning of the icons will increase the efficiency of 
your work. Specific uses and usages of each option will be covered one by one later, so let's 


only learn how to use the icons in this chapter. 
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FEM Toolbar Element and Mesh Model and Part Element tools Post 

= Application Settings ty Shape mesher % Assembly and Part B Identify Entity @ Fringe component 

А каара E дагыны C Keyword Manager Ry ' Find entity s ' Fringe range 

Ej Element Tools R SB Sia oufer 3 =| Create Entity .  Blank/ unblank a . History data 

©) Post è Ф Block Nesher © Part data © MoveorCopy — |? XY data plot 
Ly Nline Mesher М =) Entity display ја Offset element |2 , Ascii data 
E 20 Mesh 4 Reference check H, Transformation [Se Віпагү output 
JY Tetra Mesh "t Renumber e Shell normal 72 | Follow node 
ПИ Blank Mesh @ Section view Detach element < Node trace 
€ Bulk Mesh Ыз Model selection ve — Merge ü State time 
рц Hement Generation © Subsystem manager 7° Node editing * | Particle 
7 Node Editing “> Groups 89 Element editing А9 . Chain model 
B Element Editing ГЭ View gi» Measure üy Dutput geometry 
a Nurbs Editing e Part Color m, Morph ty Activate vector plot 
ig Nurbs 30 editing ә Appearance g ^ Element smoothing Y Forming limit drawing 
а" Mass Trimming ©) Annotation PB Part trimming ala Bottom dead center 
=+ Spot Welding EB Split view ©. — Parttravel 


A FEM toolbar 


In addition, there is Application, Setting and Help menus. The Application menu is a GUI 
function to provide the convenience of specific analysis fields. Setting provides a general 
modeling process setup and options for displaying the post. The Help menu provides manuals 


for modeling with some practical examples. 


A Menu bar 
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The following figure is the menu bar present at the bottom of Ls-prepost. The options are 
mainly related to graphic elements that are used in post-processing during modeling or 


analysis of results. 


% o po D D 5s e Фф fe Ф.о. 


Opti HidEle |ShaEle| Vie&e WirEle Feat Edge Grid Mesh Shrink Section Frin Unref 


Dpti Toggle Title, Legend, Min-Max, Time Stamp, Triad, Background Color, Mesh Color, Performance Stats on/off, Feature 
Tree, ISO View and Animation Play 

HidEle Display elements with hidden lines removed 

ShaEle Display elements in shaded mode with mesh lines aff 
VieEle Display elements in plain color mode 

WirEle Display elements in wireframe mode 

Feat Display elements in feature line made (default angle=30°) 
Edge Display elements in edge line mode 

Grid Display each nodal point as a colored pixel 

Mesh Toggle element mesh on/off 

Shrink Draw elements in shrunken mode (default=0.83) 
Section Display section view with plane selected 

Frin Toggle Fringe/Line-contours/Iso-surtaces 

Unref Toggle unreferenced nodes on/off 

EdgGeo Display geometry in shaded made with edges оп 
ShaGeo Display geometry in shaded made with edges aff 
WirGeo Display geometry in wireframe made 


ShfCtr Toggle Üft/Shift/Dtrl (for one-handed rotate/pan/zoom) 


y mumotee g.” A 


Clear Autcen zom ZoOut Picten vcrd Top Angle Rotate 


Clear all picked or highlighted information 

AutCen Automatically center model to fit within the window 

Zoln Zoom in, click and drag to draw a box 

Zout Zoom out to previous zoom position 

Peen Fick node as a new center point for model rotation 

\ гй View coordinate systems 

Top Choose Top, Bottom, Front, Back, Right, or Lett view 

Angle Left-click to reverse rotation direction Right-click ta modify rotation angle 
Rotate Lett-click to rotate about axis shown Right-click to switch rotation axis (X/Y/Z) 
Persp Toggle Parallel/Perspective view mode 

Home Restore default view and fit model 

ActAll Restore all entities to be active 

BacCol Toggle background color black/white (Plain background made only) 
Anim Display animation controls or start/stop animation 

SelPart Launch Assembly and Select Part intertace 

ResPart Restore the last removed part (Shift+R) 

Plot Upen XY plot management interface 
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Now that you have a brief look at the basic features, now let's learn how to use them to create 
a mesh in a CAD model. Creating a shell element with Auto Mesher will create a mesh as 


shown below. 


= Element and mesh — Auto Mesher — Sel. Geom | Pick, select Solid 1 in model tree — 


Compute — Mesh — Accept 


[C Connect Boundary Nodes 
m Across Suppressed Edges 
18/6 Nodes Shell Element 


Misc.— Click on Model Info and you will see that 2787 shell elements have been created. If 


you uncheck the Geometry part of the model tree, only the Mesh of the model is shown as 
highlighted below. 


Model Information 
General Info 
State: 
Nodes: 
Beams: 


Shells: 


A Check model information 


Let's delete some of the elements on one side of the rod's connection. Select Element and 
Mesh — Element editing — Delete to display the Selection window. Select Pick, In, Kp, 
By Part, then select the top view at the top of the modeling window and click Delete. 
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Element Editing 


O Check O Spit/Merge 
О) Create O Modify 
@ Delete O Direction 
O Composite © Align 

Show Free Edges 


SSS 
Elem Type: | Any м 


Del. Elem.(0) 


рер [C] Adap Апа! 5 
O Keep New Unref Node 


@ Remove New Unref Node 07304 
О) Remove New Unref Elem. Node 7 m 
(clean Model espe 
E ES ESSI 
noc 


Lai 


| 
re 
aay 


A FEM selection function option and element selection 


As such, the FEM Selection utility is one of the most frequently used functions during the 
modeling process, so please refer to the description below to see what functions are available 


and apply these various functions in the current model. 


Sel. Nodes(0) EJ Adjacent Select adjacent elements 
@rx Osx (Gm @ ByNode Attach Select attached elements 
@ Area (^)Prex C Out - (^ ByElem Clear Clear selection 
© Poy (QU Sadd © ByPart Save Save selection to butfer or to file 
Vd d. Rm Gear} — PyGPart Load Load selection from buffer or fram file 
= 2 - © BySubsys Deselect Undo last selection 
10 Туре any ~ | © ;BySetGro DONNE 

айыы) © Whale Select all entities in model 
[tabel selection [| 30surt са Visible Select all visible entities 

Whole |: 


Reverse Reverse selection 


E 
< 
& 
@ 
Ej 
Ce 
id 


$ 
р 
f 


Reverse. BYCurve ByNnde Select nodes 
BySurt 4 ByElem Select elements 
ByPart Select parts 
BySet Set based selection 


ByEdge Edge based selection 

ByPath Select first and last along a path 
BySegm Select segments 

BySurf Select surface (geometry) 
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Let's open the W2 Door Impact.k model from the attached files work folder. Click Model 
and Part — Assembly and Select Part to display a model with five Shell parts. Click Color 


in the dialog box to change the color of the part and add/delete the view of the model by 
checking the Activate button. 


Il LS-PrePost(R) V4.5.15 - 08Mar2018-64bit D:\TEMP\DYNA\Library\1729_do 
File 


Misc. View Geometry FEM Application Settings Help 


Assembly and Select Part 


Assembly GPart Part 


Eee Ke a 


1 
[€ Ф 1 LSHELL1 Shell 1 [7] Shad 
[vw Ф 2 LSHELL2 Shel 2 [E] Shad 
conf 4» 3 LSHELL3 Shel 3 [7] Shad 
[V Ф 4LSHELL4 Shel 4 Shad 
баа [v 4» 5 cylindershell Shell 5 П Shad 


A View options by door impact model parts 


If you move the mouse over the part and click the right mouse button, the information of the 
part is shown as highlighted in the below figure. Click on the Explode icon in the lower right 


corner, select factor 2 and then apply and you can easily identify the internal components as 
the parts are exploded. 


Explode 


Factor: |20 М 2.0 


Direction: xyz 


[O Move 
(€) Al OO Part (OPtGroup 
| Part Groups list: 


мана |2МАТ-020) 
Mass [78812 


Youngs Modulus [209e«11 
| 


Apply | Clear || Reset 


Done | 


A Door Impact model parts information confirmation and Explode implementation screen 


Select Model and Part — Keyword Manager and click on Model check. You can check 


the state of an element with a contour plot by selecting various variables. The figure below 
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shows the distribution of the length of one edge of an element. By selecting Keyword check 
and Contact check in the upper tab, it is possible to check whether there is a problem in the 
model and also it can check whether the contact condition between parts is properly defined. 
It is very effective for debugging because the Model check can review in advance before 
submitting the calculation for execution. So far, we have looked at the general LS-Prepost 
function and in the next chapter, we shall create an analysis model using the functions we 


have seen so far and look at the structure of keywords. 


Model Checking 


Element Quality Keyword Check Contact Check Model Check Setting 


Beam Solid 
@Shell Tshell 

Checking method 

ES | 

Duplicate 

Normal 

Free - Unattached 

UnderCut 

Curvature 

Gaussian Curvature 

Shell check item Allowable Min. val Max. val #violated(%) 

Міма side len 3 0.000336 0.0182 6699(100%) 
Max side len 30 oe set oat 
Aspect ratio 10 === === eee 
Warpage 10 === see eee 
Min quad ang 45 re "e nd 
Max quad ang 135 esi = band 
Min tria ang 30 aes заж ГРА 
Max tria ang 120 nee === nee 
Taper 0.7 === nee же 

I a pees ++ +++ 
Frin 


Element Quality Keyword Check Contact Check Model Check Setting 


Total Error(0) Warning(37) UnRef(2) UnDefined(0) 


E.-BOUNDARY(2) Еггог(0) Warning(35) UnRef(0) UnDefined(0) Element Qualty | Keyword Check pem Бн Check sett 
Œ- CONSTRAINED(98) Error(0) Warning(0) ^ UnRef(0) UnDefined(0) OUI EE 
@-CONTACT(7) Еггог(0) Warning(0) UnRef(0) UnDefined(0) 1(1) AUTOMATIC SURFACE. TO. SURFACE PART 5 PART 1 (subii) 
Æ CONTROL(1) Eror(0) Warning(0) UnRef(0) UnDefined(0) 22 MUR ACCU ERA PART Е dodi 2 tee 
@-DATABASE(1) Eror(0) Warmning(0)  UnRef(0) UnDefined(0) SS) ACERS (aint) 
Œ ELEMENT (6699) Error(0) Warning(0) ^ UnRef(0) UnDefined(0) Se AUTOMATIC OUREA E TO SEA PART PART 3 ub 
E INITIAL(T) Error(0) Warning(0) ^ UnRef(0) UnDefined(0) 

4 KEYWORD(1) Error(0) Warning(0) ^ UnRef(0O) UnDefined(0) 

8-МАТ(3) Еггог(0)  Warning(0) UnRef(1) UnDefined(0) 

Œ NODE(6725) Eror(0) Warning(0) ^ UnRef(0) UnDefined(0) 

-PART(5) Error(0) Warning(0) ^ UnRef(0) UnDefined(0) 

Œ- SECTION(2) Error(0) Warning(2) ^X UnRef(0) UnDefined(0) ETE" - 
@-5ЕТ(3) Eror(0) Warning(0) ^ UnRef(I) UnDefined(0) ] NT E —- 

Œ- TITLE(1) Errer(0) Warning(0) ^ UnRef(0) UnDefined(0) 


Ignore « 


A Keyword check and contact check 
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Chapter 3. simple Impact Analysis: Ball-Plate Drop Analysis 


| introduction 


If you search on the Internet or any other study materials to learn LS-DYNA for the first 
time, the most frequently appeared example is the impact analysis of a Ball on the plate. 
Although it is the most basic interpretation, it is a good example to learn LS-DYNA 
interpretation procedure or concept. In this chapter, we will practice this simple example 


step-by-step. If you have previous experience with LS-DYNA, you may skip this chapter. 


| Reference Model 
e W3 SETUP Ball Impact.k 


A Ball-Plate Drop Impact Analysis Model 


The modeling order for LS-DYNA analysis is as follows. The whole process can be done in 
LS-Prepost and it is recommended that you use a CAD program and the pre-processor that 
you are familiar with. Typical pre-processors that are compatible with LS-DYNA are 
Hypermesh, ANSYS, and LS-OASYS. Also, most other programs similarly support LS- 
DYNA. 


| LS-DYNA modeling order 
= Geometry modeling: Geometry generation for nodes and elements creation, IGES апа STP 
CAD model can be Imported or create geometry models into LS-Prepost. 


= Create Mesh: Create Node and Element Information 
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*NODE 
$ NID 


M» 


» 
te 
* 
N 
» 


0.00 0.00 
0 о > Node Coordination 
0 0 

1.0E-2 07 


* 
1 
2 1.0 
3 


4 
*ELEMENT SHELL 
51р, PID, nl, n2, n3, n4 

1, Ll; d veer 195: 4 
5 


5 ^ 2 
=, 1, =, 3, ©, 


bo 


© Element Information 


= Set material properties and section properties: Select property model and select type of 


section element 


*SECTION SOLID 
1 
*MAT ELASTIC 
1 2700. 70.е+09 .3 


= Setting load condition / boundary condition / initial condition 


*LOAD SEGMENT 
1 

*DEFINE CURVE 
1 


m 
о 
л 
e 
У 
о 


= Set analysis conditions: set contact conditions, analysis time, result output data, etc. 


*CONTROL IMPLICIT GENERAL 
1 x 


*CONTROL TERMINATION 
1 


*DATABASE BINARY D3PLOT 
1 


= Save as * .k (key) file 
= Generate result file by solving the .k file with LS-DYNA solver 


= Post-processing 
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Step 1 Geometry and Mesh 


In LS-Prepost, we will create the mesh of the plate and sphere and then enter the analysis 
conditions in turn. Open LS-Prepost and select FEM — Element and Mesh — Shape 


Mesher from the top menu bar. 


Help 


y FEM Application Settings 
H 


S) ModelandPat — » > Auto Mesher 
B Element Tools > hod Solid Mesher 


Éj Post > e Block Mesher 


Ў Nt ine Mech 


299999889 


299399999 D 


A Ball-Plate Drop Impact Analysis Model 


Step 2 Material Properties 


The next step is to create a property definition for each part. LS-DYNA provides nearly 300 
physical property models. Depending on the material type of the parts to be analyzed, the 
user can select the choice of material formulation to exactly replicate the physical behavior in 
the real world. 

The plate is created with the basic iron-based simple elastomeric property MAT001_ Elastic 
and the sphere with the MAT024_Piecewise_Linear_Plasticity property model having the 
aluminum properties. Enter the following property values by selecting the FEM — Model 
апа Part — Keyword Manager —^ MAT001 and MAT024 from the top menu. 


*MAT ELASTIC (TITLE) (001) (0) 


TITLE 

Elastic Ball 

MID RO E PR DA DB NOT USED 
1 |[2580 [728 ГЕ] [оо 0.0 [0 


A МАТОО! Elastic property input 
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“МАТ. PIECEWISE LINEAR PLASTICITY (TITLE) (024) (0) 


TITLE 
Plastic Plate 

MID RO E PR SIGY ETAN FAIL IDEL 

2 7850 [2095 0.29 [[500ев ЕС 10820 |00 | 


A MATO24 Piecewise Linear Plasticity Input 


Step 3 Section Properties 


Section properties are used to describe the physical properties and characteristics of a 
component such as its thickness, spring stiffness and most importantly the formulation of the 
elements. Enter the Shell section for the plate and the Solid section for the ball as shown 
below. Select Keyword Manager — Section — Shell and enter the following values. 


Likewise, select Section — Solid to define the property value. 


*SECTION SHELL (TITLE) (1) 


Shell for Plate 
SECID ELFORM SHRF NIP PROPT QR/IRID|® ICOMP SETYP 

2 2 У ||1.0000000 ||3 1 vllo 0 v1 v 
Tn I2 I3 T4 NLOC MAREA ШОЕ EDGSET 
0.0050000 ||0.0050000 ||0.0050000 ||00050000 ||0.0 0.0 0.0 0 


A Shell Section Input 


*SECTION SOLID (TITLE) (1) 


TITLE 

[ Ball section 

SECID — ELFORM АЕТ 

h 2 vlo x| 


A Solid Section Input 


Step 4 Part Properties 


This step is to define the property value and section characteristics for each part. After 
selecting Keyword Manager — Part — Define the property and section characteristics of 


Plate and Ball as follows. 


*PART_(TITLE) (2) 
| TITLE 
[Piste 
! PD SECIDe| мрә Eosmpie] HGIDe| GRAV ADPOPT|e| TMID e| 
1 2 2 [o 0 lo vio 0 


A Plate Part Properties 
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"PART (TITLE) (2) 


TITLE 
Ball 

PID SECDD*| мр” EOSIDe| нр] GRAV ADPOFT|®) ТМ (е) 
2 | E [e [e le vo ]e | 


A Ball Part Properties 


Step 5 Boundary and Loading Conditions 


To set the plate boundary conditions, select FEM — Model and Part — Create Entity — 
Boundary — SPC. After selecting all edges of the plate as shown below, check x, y, z, rx, 
ry, rz and fix all DOF. 


m 2999889 © 
Entity Creation x @ AE | 
=) 
& Airbag Oshow @cre (Омой ODel e- 
^ ShelRefGM mu: i 
8 Application Label: [None vj ra 
5- Boundary moa o A a 
= Spc шшш hs 
Prescribed Motion(BPM)|| Auto Merge | Convert NodeTR УЛ 
^ Spc Symmetry Plane = л Ren 
S- Constrained Cindncics E [s] 
Contact Symplane All Fi{111111 м @ 
©-Батрпа dE 
É- Database X Y Z RX RY RZ m3 
-Define миы ы Ыы 3 
S- Element Ов 0.0 56 
5- Initial © 
- S Sel. Nodes(80) Д] 
W- Lo 
erg Оға Оза (Qu Ша) Әәл = 
Se ae HE Оох [Amd | Ове e 
i Set Bases eus mem eu Е 
OSphe ©) Plan О | Save ap » 
» 10) туешу | | ted | C) BySevGp e) 
[beissen []20sut [Eme | Dese | O5ve 
же | Qnm ЕН 
= Овузет 
Lote] Savane зх 
| Revese | вуз $ 
"а 


A Boundary condition, SPC setup 


When aligning the model to select a specific part of the model, you can easily align the model 


by using the view management function as shown below. 


о. es B/S FERS "e +» 24 " 


|front el 


A View Screen Setup 
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The next step is to define the initial velocity of the sphere. Select FEM — Model and Part 


— Create Entity — Initial — Velocity and set Vz = -10m / s as shown below. 


Entity Creation 


5- Airbag Oshow @Cre OMod Оре! 
ShelRefGM " —— 
B Application Label: (Wome 
B- Boundary - 4 
bo Spe CreateType | Global vj 


Prescribed Motion(BPM)| yy Ww Vz 
Spc Symmetry Plane a 
5- Constrained 
(Contact Vix Му ут 
[+ Damping 


Database 
-Define 
Element 


& Initial Al None Rev Alit 
Load | Apply 
©- Rigi 
2.594 Sel. Nodes(0) 
Set] (Сю Ox @in | Adjacent | @ByNode 
Ur et. Оо Гала] Ове" 
Г 27 Part 
А Oset Оһ 2 Ss | к 
Os Ore сш 
10 туре any imd | С)вуѕеіор 


anre zi 


A. Initial Velocity setting 


The following is a tip for modifying the model. If the sphere is too large and you want to 
reduce the diameter to %, select FEM — Element tools — Transformation — Scale and 
select the whole ball and enter 0.5 for the scale factor as shown below. As shown in the figure 


below, the diameter of the ball is reduced to half. Transformation is a useful function that can 


modify various parts such as shrinking, moving and rotating. 


Transform x 
O Transform O Reflect 
O Translate O Project 
Oren 


Airbag Shell RefGM 
Airbag Node RefGM 


Scale Model 


Scale Dif XYZ) La 


[Pick origin 


O Transform. 
О Transite OProject 
ORotate @Scale 
Arbag Shell RefGM 
Airbag Node RefGM 
Scale Model 
Scale Dir: X v 


NodeID: 


XYZ: 
Scale Factor; 


Nodet 
Node2 
Node3 


NodelD: 
XYZ: 
Scale Factor: 


Nodet 


Seely uN: Hows = 


A Scale m—-— to shrink the ball part 
Step 6 Contact Conditions 


This step is the setting for the most important contact condition in collision analysis. LS- 


DYNA provides more than 50 contact condition setting functions. As in this example, a 
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simple collision between ball and plate can be defined using *Contact Automatic - 
One Way Surface To Surface. Select Keyword Manager — Contact — Automatic 


One way Surface to Surface and set Ball part to Slave and Plate part to Master as shown 


below. 
*CONTACT AUTOMATIC ONE WAY SURFACE TO SURFACE (ID/TITLE/MPP) (THERMAL) (1) 

1 Ср TITLE 

і | Plate vs Ball 

C МРРр1 CI mpp2 
? | 
1.0005 0 
3 
0 1.0 0 

t SSD © MSID e SSTYP MSTYP SBOXID* МВОХІр ж SPR PR 

2 |1 la v3 м 1 0 vlo v 


Step 7 Analysis Setup 


The final step of modeling is to set the analysis time, various control variables and analysis 
result variables. Enter ENDTIM = 1sec in Keyword Manager — Control — Termination. 
ENTIM is a variable that means the analysis time and it is analyzed for 1 second at 10m / s, 
so the analysis proceeds as much as the time that the ball moves about 1m. Binary format 
D3PLOT that shows the analysis result is set to save 10 times during the analysis time. Enter 


NPLTC = 10 in Keyword Manager — Database — Binary D3PLOT. 


*CONTROL TERMINATION (1) 


1 ENDTIM ENDCYC DTMIN ENDENG ENDMAS NOSOL 


1 [o 0.0 [oo 1.000е+08 


e 
< 


“DATABASE BINARY_D3PLOT (0) 


DT LCDT e BEAM NPLTC PSETID * 


| e Е  ] 


In Keyword Manager — Database — ASCII, enter DT = 0.1 and select GLSTAT and 
MATSUM variables. It means the period to save numerical data in ASCII format. When 
modeling is completed, select Keyword Manager and click Model Check as shown below to 
check and show whether there is an error in overall modeling. Checking once before 
executing the analysis and checking for errors will effectively manage the working time. 


When modeling is complete, save the input file as File — Save As > ИЗ test.k. 
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Keyword Manager x 


Keyword Edit Keyword Search 


3] g =] Edit 
Name Count 
o EE eS Model Checking 
AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE 1 
&- CONTROL 1 Element Quality Keyword Check Contact Check Model Check Setting 
TERMINATION 1 Total Error(0) Warning(1) UnRef(0) UnDefined(0) 
C» DATABASE 4 эм . Sos калач: 
ASOR хайа M E-ELEMENT(1275) Error(0) Warning(0) UnRef()) UnDefined(0) 
BINARY D3PLOT 1 SHELL(400) Error(0) Warning(0) UnRef(0) UnDefined(0) 
= ELEMENT 1275 SOLID(875) Error(0) Warning(0) UnRef(0) UnDefi 0 
SHELL 400 E MATR) Error(0) Warning(0) 
сони 875 ELASTIC(1) Error(0) Warning(0) 
Tá crs OPAC = PIECEWISE LINEAR PLAS Error(0) Warning(0) 
VELOCITY 7 s 
MAT 2 Ei-NODE(1417) (t 
001-ELASTIC 1 NODE(1417) 
024-PIECEWISE LINEAR PLASTICITY 1 EI-PART(2) 
= NODE 1417 PART(2) 
NODE 1417 BBSECTION(2) Error(0) Warning(1) U 
Trá = SHELL(1) Error(0) Warning(1) 
PART B SOLID(1) Error(0) | Warning(0 
Material arrange 
GroupBy Sort List 
Model Type All 
Load From MatDB 
Keyword Dei TT 
ExpandAll (^ €omapseam | [7] Do not Check Contact Recheck Model Clean Write 
Done Done 


A Model Check in Keyword Manager 


Step 8 Job Execution 


Once the modeling is completed, the analysis step is executed. Depending on the readers' 


environment, the analysis can be performed in various ways. It can be executed by the use of 


command in the command window, or it can be executed in LS-DYNA Manager and also the 


task can be executed and managed directly in LS-Prepost. 


* Command prompt 


° гер Manager 


File ew Solver LS-PrePost Misc. Env Variables Node Locked license License Mar 
БЕТЕП ИЕП ИЛЛ mia] c AAT AA 


Start Input and Output x 


Select input and output file(s] folder and name(s). 


wei Ca 
5: \TEMPADYNA\Scracth\K\2Deylinder__ Cancel | 


Output Print File O= Defaut | 
D:\TEMP\DYNA\Scracth\K\d3hsp Browse.. | 


* LS-Prepost — File — LS-Run 
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ow за ә 18 О ee vf] e vB) 


р | Input File |Comn Status | НА | 


Step 9 Result Visualization 


As the analysis proceeds, the log screen as shown in the figure below appears and when 
Normal termination appears, it means that the process is completed normally. This log screen 


records the overall contents of the analysis process, so it can be useful for future debugging. 


Я C:\WINDOWS\SYSTEM32\cmd.exe 


Init Proc 1.0000E+00 
t 0E+00 


0 minutes 2 s 


D hours O min. 3 sec.) for 


yk nti 


A 100 Screen 


In Prepost, choose File — Open — Binary Plot and select the D3PLOT file in the resulting 
folder. If you select Fringe component and click Von Mises stress in Stress as shown below, 
the analysis result of stress distribution is displayed. In the Animate bar, adjust the buttons 
to see the results of the 10 frames. In addition, let's click on various analysis result variables 


once to see what results are displayed. 
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а 
Animate Fringe Component х UF 
[Eigen First: 1 |Last: Ti|Inc| 1 |Time: 0.706997 State: 8 | ee Bed 2 
тини шит $ 
Пмт= AAO с ме mm, Z% 
so Te L L— je ZB 
| | effective plastic strair P & 
2nd-prin dev stress = 
= |3rd-prin dev stress К 
Tresca (max shear st! t 
1st-principal stress Ш @- 
2nd-principal stress | 
3rd-principal stress | E: 
2 | max in-plane stress 7 MS 
min in-plane stress fa 
Чу ма 
ty ~ 


A. Van Mises Stress Distribution Results 


The next step is to check the History output. Let's check the energy distribution by selecting 
History output and plotting Kinetic Energy and Internal Energy of the entire model as shown 
below. The energy distribution graph can be saved as numerical data by clicking Save and 
used in reports or papers. In addition, various useful functions for generating reports are 


provided. 


Eigen First: 1 |Last: Ti|Inc| 1 (Тате: 1.00002 State| 11 


E I tee 


OPart 
ORNodal 
OScalar 
Омо! Fail 
Sum Mats Along Path 


Middle 


Reece MEY Witla 


@ Popup (О Main Spit 


nen || 


| Gear || Rase || Pop | 


0.2 0.4 


| Done | 
Time 


| Tite | seate | attr | Fuer | print | save | tod | oper | Hide | cose | cuit 


A History Energy distribution graph 


Another useful feature is the ability to display the result of the analysis as a vector, let's 
demonstrate the velocity vector of the ball as shown below. It is a feature that can greatly 
improve the visibility of ball movement and it is a very useful function to observe the 


tendency of fluid flow in fluid analysis. 


30 | Part.A 03 


Chapter 3. First LS-DYNA Model 


Hidden line vector off 

Keep vector display 

Apply settings in Range 
Display highlighted node vel. 


ГИ mo TA 


Ea 
< 


Animate x 
Eigen First] 1 |Last] 11 na| 1 Time: 0.706997 State| 8| 
Animate Б | 4 93 » 4 >| МЇ! оор 
6$ pF y 

A Velocity Vector plot 


v 


KE 


Ораг 
О El/Node 


Done 


So far, we have practiced a simple example of a collision between ball and plate. If this 
example was the first LS-DYNA modeling, I hope that this exercise will give you an idea of 
the big flow of overall modeling and result interpretation. Now let's go back to Prepost and 
expand the Model Keyword in the Keyword Manager to see what keywords we have created. 


Then open the * .k file in the modeling folder with a text editor to compare each other. 


Keyword Edit Keyword Search 


Edit:| SET v Edit 
© Моде! OAI RefBy 
Name Count 
=} BOUNDARY 1 
SPC SET 1 
EF CONTACT 1 
AUTOMATIC ONE WAY SURFACE TO SURFACE 1 
&- CONTROL 1 
TERMINATION 1 
& DATABASE 4 
ASCIL option 3 
BINARY D3PLOT 1 
ELEMENT 1275 
SHELL 400 
SOLID 875 
+ INITIAL 976 
VELOCITY_NODE 976 
8: МАТ 2 
001-ELASTIC 1 
024-PIECEWISE_LINEAR_PLASTICITY 1 
EI-NODE 1417 
NODE 1417 
Ei-PART 
PART 2 
El SECTION 2 
SHELL 1 
SOLID 1 
© БЕТ 1 
lat 
nip 


A Keyword Manager vs. Madel.k 


Since there are often opportunities to review keywords directly in the modeling process in the 
future, it is helpful to learn the concepts of the structure of input keywords and the 
relationship between keywords generated in LS-Prepost. We will look more closely at the 


keyword structure in the next chapter. 
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| KEYWORD STRUCTURE 


$# LS-DYNA Keyword file created by LS-PrePost(R) V4.0.10 - 08Mar2018 
$# Created on Jun-21-2018 (12:53:35) Model Keyword Title and Basic Information 


*KEYWORD 
*CONTROL_TERMINATION | 
$# endtim endcyc бітіп endeng endmas nosol Analysis end time ENDTIM 
10 0 00 0010000008 0 
"DATABASE ВЕЗЕ 
$# dt binary lcur ioopt f 
oH n D I ASCII analysis result request 
"DATABASE MATSUM 
$4 dt binary lcur — ioopt 
al 0 0 | 
"DATABASE NCFÜRC 
$4 dt binary lcur іоорі 


ll 0 0 | 
"DATABASE BINARY DSPLOT 
$# dt ledt beam npltc psetid У. 

10 n 0 dm qm Request results in Binary 
$# inopt 

П 


"BULUNDARY SPC SET 
{# P = ы mi rü ue огу — dnfrz Sce e 
"SET NODE LIST TITLE 
NODESET(SFC) | 
$# sid dal da? dada da4 solver 
| 00 00 00 DOMECH 
$# nidi nid? nida пй пй nide nid? пі08 
1 2 83 4 8 B 7 8 


*CONTACT AUTOMATIG ONE WAY SURFACE ТО SURFACE ID 
$4 cid title = 
Plate vs Ball Sectup Contact 


$# ssid msid sstyp mstyp sboxid mboxid spr трг 
2 | 1 3 0 0 0 0 

$E fs fd de ve vde penchk bt dt 
00 00 00 00 00 0 000000020 

$# sfs sfm зї mst  sfst sfmt fsf vsf 
ШШ 00 00 ШОШ 10 10 


“PART 
T ҸҸ < 


$4 pid secid mid юй hgid grav adpopt ітій 
| 2 2 0 0 0 0 | 

"SECTION SHELL TITLE 

Shell far Plate 

$# secid elform shrf пр propt qr/irid icomp —setyp Define Section Characteristic 
2 2 10 3 IO 0 0 |! 

$# d и 18 t4 пос marea idof edgset 

0.005 0005 0.005 0005 00 00 00 0 

*МАТ PIECEWISE LINEAR. PLASTICITY TITLE 

Plastic Plate 

$4 mid ro е pr sigy etan fail  tdel Material Properties 
2 7850.07. 09000Е1 0.795. 000000Е81. 00000Е101.00000Е21 00 

$# c р dess lese vp 


Define Part Characteristic 
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10 00 0 0 Ш 

Ф# epsl eps? epsd eps4 epso epsh eps? psd 
10 00 00 00 00 00 00 00 

$# esl es2 esd es4 eso esb es? esh 
10 00 00 00 00 00 00 00 


b title 

Ball 

$4 pid secid mid  ensid hgid grav adpopt — tmid 
2 | | 0 0 0 0 0 

*SECTION_SOLID_TITLE 

Ball section N 

$# secid elform aet Setup Section(Solid) 
1 2 Ш 

*MAT ELASTIE. TITLE 

Elastic Ball 

$4 mid ro e р da db nntused Material properties 
| 2880.0720000E 03 00 00 0 


*INITIAL_VELOCITY NODE 
$E nd w w w wr wr wr icid ES 
47 00 00 A 00 00 00 qm Setup initial velocityh 
“ELEMENT SOLID 
$4 eid pid nl n2 nd n4 no nb 07 n8 | | 
Al 2 442 478 484 448 443 479 485 44g ^ Solid element info. 


"ELEMENT SHELL 
$# eid pid nl n2 nd n4 mo nh m 080 N 


i | 27 2 2 | 0 0 0 OD Shell element info. 
*NODE 
$E nid X y Zz te re 

| -10.0 -10.0 10 0 0 Node info. 
*END 


If you look at the keywords and connect them to what you've done in Prespost, you'll 


understand the concept of how LS-DYNA's keywords are generated in Prepost. 
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Chapter 4. Element and Mesh Generation 


j Elements in LS-DYNA 


LS-Dyna provides a wide diversity of element formulation from which the user can select 
accordingly. Various kinds of mesh free elements, particle elements and cohesive elements, 
which are used for large deformation analysis, including basic beams, shells and solid 
elements are also provided. 

Engineers or graduate students who use LS-DYNA and having some experience with FEM, 
so the detailed explanation of basic elements and nodes are skipped. The following figure is 
the human torso modeling the author created for the ballistic analysis of bulletproof projects 
in graduate school. Various elements are applied to meet the characteristics of the organs like 


lungs, heart, and kidneys. 


A Elements in Human torso madel? 


5 [mage courtesy of BW engineering, 2018 
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| LS-DYNA Element library 


LS-DYNA is a general-purpose analysis program that can use many elements. It is up to the 
analyst's experience and know-how to make the right choice of exactly which element to use 
from among so many element types available. There are many people who think that a very 
small mesh in 3D element modeling will produce good results without any worries. However, 
in fact, experienced engineers know that the shell model is much more reliable and effective 
than solid elements in vehicles and aircraft structures. The element library provided by LS- 
DYNA is as follows. 

Shells (3, 4, 6, and 8-node including 3D shells, membranes, 2D plane stress, plane strain, 

and axisymmetric solids) (with over 25 shell element formulations) 

Solids (4 and 10-node tetrahedrons, 6-node pentahedrons, and 8-node hexahedrons) 


(with over 20 solid element formulations) 
Thick Shells (8-node) 


Beams (standard, trusses, discrete, cables, and welds) 
Discrete Elements (springs and dampers) 
Lumped inertias 

Nodal masses 

Accelerometers 

Sensors 

Seatbelts (Pretensioners, Retractors, Sliprings} 
SPH Elements 

ALE(Arbitrary Lagrangian/ Eulerian) elements 
Welds 

Element Free Galerkin formulations 


Essentially, there are four criteria for choosing the right selection of elements in FEM 
analysis along with the experience of the engineer. 

= What shape model (2D? 3D?) Will you use to analysis? 

= Ном accurate do you need to analysis? 

= Ном quickly should the analysis be completed? 

= What properties will be applied? 

The rule of thumb that can be applied when performing an analysis task on a specific model 
is the “Crawl-Walk-Run” Rule. It means to look at the geometry to be analyzed first, apply 
the simplest form of an element that can be thought of and apply the advanced element as you 
build the model gradually. 

For example, if a structure having more than 10-meter width and length is a truss structure 
consisting of steel rods, the experienced analyst will start modeling using 1D elements 
(Beam, Truss). If a structure is a cylinder shape and the load and boundary conditions are the 


same throughout the circumferential direction, the 2D Axisymmetric element will be applied. 
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Occasionally, choosing between the plane stress element and the plane strain element may be 
confusing. This is simply the distinction between the characteristics of idealizing the stress 
distribution of 3D in 2D. Plane stress means that the thickness is very small (t / L «« 1) 
compared to the length and the plane strain is very thick (t ~ Infinite). 

Recent advances in CAD programs will allow Analysis engineers to take over complex 3D 
models from CAD engineers and then use the auto mesh feature to mesh directly to create FE 
models comprising very small tetrahedron elements. However, most of these models do not 
provide effective analysis results. Complex geometry that does not affect any physical 
behavior shall be simplified. In the case of a thin-walled structure, the shell element must be 
created by defining the mid-plane. Of course, with the latest FEM preprocessors, including 
LS-Prepost, often include Midsurface functionality, making them simple to work with. Areas 
of poor quality of the element always must go through various ways of improving the quality. 
Next, the element formulation must be selected to be appropriate for the physics to be 
analyzed. Academic understanding is important, but above all, experience through practice is 


most important. 


| Solid Elements 


Let's take a quick look at the solid and shell elements that are most commonly dealt with to 
be realistic within the real world. Solid elements are used to create mesh directly on the target 
structure without further processing, including simplification and optimization, but it takes a 
lot of time to generate mesh, computational CPU time and post-processing. The result image 
may be preferred because it is similar to Realistic and the plot looks good, but from the FEM 
expert point of view, it is a kind of lazy model. You don't have to worry too much about the 
modeling process, but it takes a considerable amount of time to follow. However, for a bulky 
model, solid elements must be used. On the other hand, in thin-walled structures such as the 
skin structure of an aircraft and the chassis of a vehicle, relatively good results are not 
obtained. The use of solid elements is typical in high volume structures such as engine 


blocks, tires, and thick metal tools. 
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A Mechanical parts that require the use of solid elements 


Let's take a look at what kind of solid elements are provided in DYNA. The element must be 
determined in consideration of various factors such as whether the shape of the element like 
Hexagon, Tetra, or a strong steel series or a soft material such as rubber. Depending on what 


element you select, the calculation time will be greatly affected. 


Hexagon Tetrahedron Pentahedron 


Cp t 


A Element shapes in various farms 


The chart below shows the types of solid elements. There are more than 100 types, so you 
don't have to understand everything, but it's good to be aware of some of the most commonly 
used elements formulation. Basically, in modeling with solid elements without special 
concerned analysis, using Elform # 1 or # 2 would not be a problem. The details will be 


explained in an elaborate manner in the exercise where the element is used. 
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Elform Description 


EQ.-2v Fully integrated S/R solid intended for elements with poor aspect ratio, efficient formulation. 
EQ.-1 1 point rotational for *MAT MODIFIED HONEYCOMB See remark 3. 
EQ.0 Constant stress solid element (default), 

EQ.2v Fully integrated S/R solid. See remark 4 below, 

EQ.3v Fully integrated quadratic 8 node element with nodal rotations 
EQ.4v S/R quadratic tetrahedron element with nodal rotations, 

EQ.5 1 point ALE, 

EQ.6 1 point Eulerian, 

EQ.7 ] point Eulerian ambient, 

EQ.8 Acoustic, 

EQ.9 1 point rotational for MAT MODIFIED HONEYCOMB. 
EQ.10v 1 point tetrahedron. 

EQ.11 EQ.11: 1 point ALE multi material element 

EQ.12 1 point integration with single material and void. 

EQ.13v ] point nodal pressure tetrahedron. See remark 14 below. 
EQ.14 8 point acoustic 

EQ.15 2 point pentahedron element. 

EQ.16v 4 or 5 points 10#noded tetrahedron (See Remark 13) 

EQ.17 10 noded composite tetrahedron 

EQ.18 8 point enhanced strain solid element for linear statics only 
EQ.19 4 point cohesive element 

EQ.20 4 point cohesive elements with offsets for use with shells 
EQ.115 ] point pentahedron element with hourglass control 


A Туре of solid element of LS-DYNA 


If you're dealing with a more complex model, you'll most likely use the Tetrahedron element 
rather than the Hexagon, in which case Elform = 4, 10 or 13 will be fine. If more 
sophisticated interpretation is required, better results can be obtained by using Elform 16 or 


17, the higher-order tetrahedron element. 
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| Shell Elements 


The use of shell elements in the finite element analysis is quite high. This is because many 
machine components are manufactured using thin panels or sheet metals. In particular, the 
proper application of shell elements is very important in aviation and shipbuilding. Much 
work and knowledge are required to switch for selecting the appropriate Shell element. In the 
aerospace sector, it has been established to some extent, while other sectors are known to 
vary greatly depending on the analyst and the department responsible for the analysis. There 
are many ways and theories for the application of the Shell element. If there is no special 
requirement in the company or in a graduate project, it is safe to assume half the thickness as 
mid-plane. However, if an accurate analysis of the exact bending load is needed, it is 


important to apply the shell element with the proper theory. 


Solid to Shell Transformation 


ef 


Solid element Менги lacia Shell assumption 


A Concept of Switching to the Shell Element 


Looking at the DYNA, ABAQUS, or Ansys manuals on shell elements, you can easily 
identify Kirchhoff-love models, Reissner-Mindlin models and high-order shell theory which 
are applied for 2D shell formulation. Or, if you have people around you who have experience 
with FEM, they may be referring to these models. Once you understand it correctly, you 
won't have any difficulty to apply these based on the requirement. Let's open the solid 
mechanics textbook studied during the College of Engineering. Kirchhoff and Mindlin plate 
theory is well documented, so let's review those sectors before getting into the analysis. The 
following table summarizes the shell elements used in LS-DYNA. In the case of a general 
shell element, using Elform 2 or 16 should be fine. For models with Hughes-Liu shell, Elfrom 
1 and 6 are identified for and for models with Belytschko-Lin-Tsay shell, Elform No. 2 and 
Elform No. 16 can be applied to a wide range of applications since the general fully 


integrated shell is applied. 
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EQ.1v Hughes-Liu with cross section integration (default), 

EQ.2v Belytschko-Tsay resultant beam (resultant), 

EQ.3 truss (resultant), see remark 

EQ.4 Belytschko-Schwer full cross#section integration 

EQ.5 Belytschko-Schwer tubular beam with cross-section integration 
EQ.6v S/R Hughes-Liue 

EQ.7Y 2D plane strain shell element (xy plane) 

EQ.8v 2D axisymmetric volume-weighted shell element (xy plane) 
EQ.9 spotweld beam, see *MAT SPOTWELD 

EQ.11 integrated warped beam 

EQ.12 resultant warped beam 

EQ.13 small displacement, linear Timoshenko beam with exact stiffness 
EQ.14 Axisymmetric solid - area weighted, 

EQ.15 Axisymmetric solid - volume weighted, 

EQ.16v Fully integrated shell element 

EQ.17 Fully integrated DKT, triangular shell element 

EQ.25v Belytschko-Tsay shell with thickness stretch 

EQ.26 Fully integrated shell with thickness stretch 

EQ.27 triangular shell with thickness stretch 


А Туре of shell element of LS-DYNA 


If you look at the element options, the first thing is to set the Gauss Point number. It is 
important to understand that stress and strain are calculated at the Gauss point which is also 
called as integration point and the velocity, acceleration, etc. associated with displacement 
are calculated at nodes. This is a necessary part of understanding the hourglass control later. 
Most LS-DYNA elements are provided with elements that are under-integrated or reduced 
integrated. This is most likely the case where there is no full integration in the element 
formulation description. In short, if there are one or fewer Gaussian points that calculate 
stress and strain in the element then, the calculation time is faster but the accuracy of the 
analysis value may be reduced. Theoretically, the larger the number of integral points, the 


more accurate the data will be. 
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Full Reduced 
integration integration 


First- 
order 
interpolation 


Second- 
order 
interpolation 


A Figure 4.5 Reduced Integration vs. Full Integration element 


FEM is basically Displacement based method, which calculates stress through displacement. 
The stiffness matrix of the system is always calculated stiffer than actual behavior. The 
calculation is somewhat less stiff for a small number of Reduced Integration elements, so in 
some cases, it is recommended to use Reduced Integration elements for better results. This 
is the case, for example, in the forming analysis where plastic deformation occurs or in the 
collision analysis where large deformation occurs. This is why many reduced elements are 
provided in LS-DYNA. Using the reduced integration element has the advantage of 
shortening the analysis time, but with fewer integration points, in some cases an hourglass 
mode (or zero-energy mode) occurs where the stiffness matrix becomes zero, resulting in 
deformations such as hourglasses. In this case, it should be corrected using the Hourglass 


control Keyword or solved using the Full integration element. 
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Workshop 4. 
Create Element in Geometry Part 


In this workshop, we will practice creating and modifying meshes in Geometry models. 


| Required mode! 
e №4 WingBox.stp: Wing geometry model 
* W4 WingBox MeshGen.k: Final state model 


| Creating Elements 
Let's import the CAD model entitled 'W5 WingBox.stp' from LS-Prepost in the provided 


workshop folder. Because it is a step file, you can see that the multiple objects are imported 
together. 
«Import — Step — select CAD model 


= Step Read Options — setup (see image) 


STEP Read Options x 
@ Check Unit і 
O Specify Unit |m v| 


[J Don't pop-up any more. 
| Default OK | 


A. Step Read Option and imported parts 


Let's take a look at the imported CAD model by looking around in LS-Prepost. The model is 
shaped like a shell of the wing box of the aircraft main wing. If you select the Assembly and 


select Part, the imported model consists of 5 parts as shown below. 


= Model and Part — Assembly and Select Part — select all 
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BPD BG ras ease ; 


| Assembly GPart part 


femme [ele ^ 


Name 
ev D pati 
1 [e fv I Part 
=“ В Pata 
= Cj pata 
my В Parts 


A Imported geometry part 


Let's create elements in this part. If you create shell elements using the Automesh option, a 


mesh will be created as shown below. 


= Element and Mesh — Auto Mesh — Select Geom | Area — select all by drag mouse — Auto 


Mesher | Compute — element size= 0.007 — Mesh — Accept 


Auto Mesher 
Mesh Mode 
@) Sze 
O Deviation 

С) Remesh 

С) Variable Size Mesh 


Mesh Type Mixed v 
Bem Sue 


Compute [ Reset | 

C] Connect Boundary Nodes 

C] Mesh Across Suppressed Edges 
[18/6 Nodes Shell Element 

[7] Show Meshed Boundaries 


A hutomesh setup 


| Check for free edges and delete duplicate nodes 


Let's check that there are no elements that are not connected to each other. If you check the 
free edge and the duplicated nodes which are two nodes in one location, you will see 
duplicate nodes at the multiple edges as shown below. 

= Element and Mesh — Edge face — free edge 

= — Duplicate Nodes — Show DUP nodes 


= — Merge DUP nodes to delete duplicated nodes 
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Show Dup Nodes 
Select Nodes | 


Merge Dup Nodes 


М Show Free Edges 
Adaptive Edges 


[Delete Merged Nodes 
[Delete Degenerated Elem 
E] Clean Model 

Line Width |3 v 


Line Color Red м 


Reject | Accept | Done 


A Duplicated nodes distribution autamesh setup 


If you check the free edge again, some parts will remain as shown below. After increasing 


Tolerance to 0.004, click on ‘Merge DUP nodes’ which will remove all duplicated nodes. 


A Remaining Duplicated nodes 


f Shell Normal 
It is important to set the proper Normal direction in the shell element. If the normal direction 
of shell elements are mutually dissimilar to each other, they should be matched with each 


other through Reverse Normal using the Normals function as shown below : 


= Element and Mesh — Normals | Shell | Show Normal — Sel. Shell | Pick | By Part — pick а 


part to check Normal direction 
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Normals x 


Entity Type: Shells v 
@ Show Normal 

O Reverse Normal 

O Align 

v-Size | о] 1 || 
О Dimmed 


@) Compliment 


Airbag Shell RG Airbag Node RG 


A Checking Shell Normal direction 


I Modify elements 
The next step is to modify the element to create the window for inspection on the Wing Skin. 


= Element and Mesh — Element editing | Delete — Sel. Shell | By element | pick — select 


elements in wing skin(see image 


Element Editing 


x 


O Check OSpiitt/Merge 
О Create О Modify 

(9) Delete O Direction 
O Composite O Align 

М Show Free Edges 


e Ов» à 2522 Entity Type: |Shels М 
Оле Сури олш 
Qui @ Show Normal 


Ову Оск 
Oset Опе Оњ О O bReverse Normal 
O Align 


Оре ©) Pian 


10] [туре any у 
[bamen (зоа ence ве узше їл] 17 
Prop [ ]Adap Ano 5 ODimmed 


Elem Type: Any v 


O Keep New Unref Node 

(€) Remove New Unref Node 

О Remove New Unref Elem. Node 
Clean Model 


A Element removal at the bottom of the wing skin 


The inspection window area is the stress concentration area, so let's divide the surrounding 
elements into more subdivisions. If you select after ‘accept’ as shown in the figure below, 


you can see that the element around the check window is smaller. 


= Element and Mesh — Element editing | Split — Sel. Shell | By element | pick — select 


element around window — Accept — Done 
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Sel. Shells(22) 


@Pck OB In ByNode О Check © Spit/Merge 
is OGeate — OModfy 
Ореке O Direction 
O Composite O Align 
[7] Show Free Edges 


HA 
2074] 
= 
а 
N 


Retain Bdy 


AN 
М 


Constrain Adaptive 


Merge Operation: 


Ш 


A. Split of elements around the inspection window 


This time, we will create a hole through the trim on the side wing rib. After activating only 


parts 1 and 2 as shown below, draw holes on the surface of part 1 referring to the picture 


below. 


Geometry — Curve — Circle | Method=3 points — select node(see image) — Apply — Close 


Element tools — Part trim — Part = 1, 2 | Curve = select created Circle — Trim method = 


Closest 3D proj. dir — Trim — Accept 


— Element editing — delete — select internal element in circle — delete — done 


Method 3 Points 


Selection List 
3 LSHELL3 
4 LSHELL4 
5 LSHELLS 


inscribed Circle 
Center/Start/End 


A Draw Hole on Wing Rib 


Part Trim 


One A = ещ Trim Entities 
Qua Vnd XY OParts 21] 
Om ais ======= 
2! Desi 
ied Set | = Trim Tool 
© curves О кепе 


E 


Operation 
О 8етепс © Position 


[Кее [Delete []Move 22 
Parameters 
Limit: 10.000000 


Tolerance: 04 


Tim method 
© Closest 3D proj dir. 
O Vector projection. 


Trim 


A Trim in Wing Rib 
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So far from this chapter, you have practiced the process of importing CAD models and 
creating elements using some features of LS-Prepost. The mesh generation procedure in the 
LS-Dyna analysis model is the most frequently used method. There will not be many cases 
where modeling and meshing are directly done in LS-prepost. In addition, Hypermesh or 
Ansys provides a powerful function that supports meshing and later helps to create a better 
LS-DYNA model. 
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Workshop 4.1 
WA.| Create Part from Meshed Model 


In this exercise, we will import the mesh model which is created by an external pre-processor 
into LS-Prepost and then create detailed parts, check the quality of the mesh and make 
corrections. In any LS-DYNA analysis work, it is often necessary to reconstruct the LS- 


DYNA model from the externally provided model. 


| Required mode! 
*WA41 PartGeneration.bdf: Initial state model 
*W41 FuselageModel.k: Final state model 


|] Import CAD model 


Let's import the CAD model named 41 PartGeneration.bdf from the provided workshop 
folder. As shown in the figure below, a single helicopter fuselage part consisting of Shell 
elements is imported. If you measure the length with the Measure function, you can see its 
length is about 6m. Therefore, the unit system adopts MKS [m, kg, sec]. 

= File — Import — Nastran — W41 PartGeneration.bdf 


= Element tools — Measure — Dist N2N — Measure the length by selecting both nodes 


Т 199999899 
ie 


A Imported model 
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99939998839 гы. 


"esie: 


= || ro | 


A Measure function ta determine the length of the fuselage 


| Rebuild Meshed Part 


In this way, we will rebuild the mesh model consisting of several parts by segregating the 


sections of each component/mesh. Helicopter fuselage structures will be divided into the 


following parts: 


* Part 1: Top Fairing 

* Part 2: Outer Skin 

* Part 3: Floor Panel 

* Part 4: Internal Frame 

* Part 5: Internal Longeron 
* Part 6: Bottom Stiffener 
* Part 7: Exhaust Cover 


з 299999889 
|Top Fairing 


$ 7. Cover 
"pides ui TED 


r 


4 Internal Frame Æ 
5 Internal Longeran 


ш 3. Floor Panel 
6. Stiffener 
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Separate elements of each individual component parts using Move or copy in the element 
editing functions. The external skin is selected and created as a new Part2 using the 
following functions: 


= Element tools — Move or copy — PID=2, outerskin — Sel Element — Pick | Add | Prop | 


Ang=20 | select external skin — Apply — Accept —Done 


Oc 


Pick Target Part E 
гь С 


33124 


Accept 


ИАА HE 


Sel. Elem.(6665) 


A Creating Part? Quterskin Part Using Move or Copy Function 


This new part can be checked in the model tree on the left side of the screen. Let's create the 
rest of the remaining components/mesh as new parts. Let's change the color by right-clicking 
on the model tree to create a new part. 


= Element tools — Move or copy — PID=3, FloorPanel — Sel Element — Pick | Add | Prop | 


Ang=20 | select internal floor — Apply — Accept —^Done 
курар ра рар ume ҳу 


-opf 


(€) Move О Copy 


f] Sg iR 


5i 


:| FloorPanel 


EON 


д element ID 


Sel, Elem.(1716) 


@ Pick 


Ares 


[3 FigpzPonel 
е (un)Blank 
LA Delete 


Poly 
Sei 


Sphe 


ABC Rename 


Reverse Color 


Е Transparent... 
rz ШР 


8 da "r AT EN 


A Creating Parta FloorPanel Part Using Move or Copy Function 
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In the same way, let's divide Part4 and Part5 into new parts by referring to the following 
image. To make it easier to select elements, previously created parts in the model tree are 
removed/ hidden from the screen, making it easier to select the remaining parts. There are 
various ways to select elements, such as Pick, Area (drag with mouse), Poly (polygon 
selection), so apply these options several times to achieve required action. When creating 
Part5, the element separated by Cover can be removed from the selection by the Rm 


(remove) function as shown below. 


Move or Copy 
@ Move 

[Pick Target Part 

PID: 


PName:| InternalFrame 


Starting element ID: 


(€) Move O Copy 
[Pick Target Part 


PID: 5 | 
PName:| InternalLongeron 


f starting element ID: 


(e) Move 


[Pick Target Part 


Starting node ID 


(€) Move О Copy 


Sel. Elem.(1040) 
Оре (Bx @in Adjacent ByNode 
б ез Оох їй Ame | @ By&em 
бэш Orin GM ы 
Оз Opin OF 

10) Туре алу м 

[tabel selection [ ]3D5u [Entire 

[Prop (Абар Апо 20 


7 


ByGurve 


A Create Parth~8 
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In this way, the model was reconstructed into seven parts as shown below. If you select Part 
in Keyword Manager, you can see seven * Parts created as shown below. After creating 
SECID and MID for each part, assign them to each part. Since this is a shell element model, 
make sure that the shell normal direction matches. The white arrow highlights the Normal 
direction. The surface region where collision or contact occurs should match the normal 
direction, so match it using Reverse or Align function. 


= Element tools — Shell Normal — Type=Shell — Show Normal — Check Normal direction 


and use Reverse to modify 


NewlD Draw RefBy Pick Add Accept Delete Default Done opr aina 
: 2 OuterSKin 
[Use *Parameter [ ] Comment (Subsys: 1 W41 FuselageModel.k) Setting 3 FloorPanel 
- "- 4 InternalFrame 
*PART (TITLE) (7) 5 InternalLongeron 
E 6 Stiffener 
7 ExhaustCover 
| TITLE 
ffopFairing 
2 PID ЅЕСЮе  MID* EOSID|e ID e GRAV АРРОРТ |е| TMID e 
1 0 0 0 |0 Г ЕП 0 


v 
ш? чу 
Sel. Shells(6665) —— 
Фра Ове Mie N n 
Que Pm ош Feary Entity Type ^" 
Оюу Оо шш 4 
Ози Orn Sam € Be ы 
Озе Ор $e 1 O Reverse Normal H 
10| тунау у w see» | | OAlgn asi E 
[tabel selection [130509 [ence | Deselect = ы ue "& 
ee ES = 
E MS 
>a 
Pi 
| E 
| 9 
| " 
| kid 
1 
| 
| 4 
B 2 
| =| 
i "S 
| ^ 


A Check the normal shell 


| Edit Mesh Model 

If the working model is well generated, click the Model Check button of Keyword Manager 
to check various states such as mesh quality and contact condition. This is a good practice 
step to check the area where the skew angle is less than 45 degrees through mesh quality 
check. 


= Keyword Manager — Model Check — Method | Quality Check | Skew | Allowable=45 — 
Check 
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The next step is to apply the function Smooth, a feature that selects and improves elements 
that are somewhat of poor quality. In the above model, if you select the part with insufficient 
skew state and select the Smooth function, you can partially improve the quality of the 
element. The element quality of this training model is generally acceptable, so it does not 
affect the analysis results. However, if the quality of the element is poor, it takes a long time 


to analyze and the possibility of getting an error is high. Therefore, this Model Check 


Element Qualty Keyword Check Contact Check Model Check Settng 


@snet 


1.614e*01 
1.291e*01 
9.684e*00 


Ин " " Ero 

Ет t: EE | 8e+00 | 

0 32.3 0%) 

m ES og ббое+оо | Ё 
$ 


| #Quads(%)=14623(00.8%) #Tras(%)=33(0.225%) Total faled(%)=0(0%) 
Ит 
Clear Save кес Delete Faled Report 


Min. val Max. val trviolated(36) 


A Mesh quality check 


procedure should be applied to important models. 


= Element tools — Smooth — Select elements, select poor quality elements — Angle=60, 


Iterationz5, Smooth — Accept 


Smooth 
Pick Entities 

@ Select Elements 

O Lock Nodes 

Smooth Option 

М Feature angle 

angle: 60 
Lock Boundary 

Iterations: 5 
[Iz] Project back 


[ Smooth | elect 


| Done | 


A. Smooth application to improve mesh state 


The next step is the offset function, which moves a specific set of elements to increase the 


depth at the bottom of the top fairing. You can move it long or small in the vertical direction 


of the selected element set. 


set — Offset + / - adjustment — Accept 
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B, 
B. 
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"ү 
fet РА 
set Dis.:| L^ рУ | 
4. Sens.:| if ^ ч ч ъ 6.456e+00 ў EN | 
Е 1 ч E ] 
Zopy Elem : 3,2280400 a x. 
Part List 8 hi у 0.080 = g 
$ ©, 
Transfer mm 
Advanced z 
oret- ^ 
Accept il |Tvpe any Deselect | O BySetGp 
em Label selection [ ]3DSud Entre Woe | OBvEde 
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A offset setting to change element set position 


Lastly, the unit consistency method is to be applied when the model unit needs to be changed 
due to the request of the company or the drawing requirement. Currently, MKS is a unit 
system and the distance unit is a model composed of meter units. There are several ways to 
convert meter into feet. The first is to specify the Scale Factor when you export the model to 
geometry and re-import it again. In this case, there is a drawback of having to mesh again. 
The second is to use the Element tools — Transform — Scale function to change the unit 
system while maintaining the current mesh state. Since | meter is 3.28 feet, entering Scale 
Factor = 3.28 will change the model geometry unit from meters to feet. Transform function 
is a useful function that can handle various parts such as moving, rotating, reducing and 


enlarging parts. 


= Element tools — Transform — Scale — select whole part — scale dir=XYZ | Origin XYZ [0 0 


0] | Scale Factor=3.28 — Scale +/- adjustment — Accept 


O Transform OhRefiect Sel. Nodes(14025) | 
О Translate O Project Орк CO) Box Adjacent | @ByNode | 
D: Anah | OByEem 
О Rotate ($) Scale 
Airbag Shell RefGM 
Airbag Node RefGM 
Scale Model 
Scale Dir: XYZ v 
[Pick origin 
NodelD: 
XYZ: 000] 


Scale Factor: 3.28 | 


Node 


@Global (Local 
CID: Coord Sys 
sale 


A Scale application to change the unit system 


a4 | Part A СА 


Chapter 4. Element and Mesh 


So far, we have practiced the modeling process such as segregating one mesh model into 
various parts to meet the purpose of analysis, modifying elements and changing the unit 
system. This process is a necessary procedure for FE modeling management in the analysis 
practice, so please use the various functions in LS-Prepost. There are dozens of ways to 
create one model and applying the fastest and most effective way is the analyst's ability. Keep 


in mind that the analyst's capability can build up through many trials and experiences. 
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Part B 


In this chapter, you will practice the basics of LS-DYNA analysis. You 
will practice all the steps from the geometry creation and mesh 
generation to the LS-DYNA keyword generation, analysis, and result 
review through simple examples. Analysis models are prepared with 
multi-disciplinary fields and readers can also go through the basic 
theory explanation. 
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Chapter 5. Static Analysis of 3D Bracket 
97889 


77e-04 _ 


6.251е-04 Д | 
3.126е-04 _ 
0.000е+00 _ 


| Workshop Objectives 

Y Mesh Creating a Mesh by Importing a CAD Mode 
Y Get familiar with the LS-Prepost workplace 

Y Practice basic 3D modeling methods 

Y Learn how to apply static load 


| Duration: 40 тіп 
| Application: Static Load, Explicit, Structural 
| Model Files 


* W5 Geometry Shell.iges: Geometry model 
e М5 SETUP BracketModel.k: Final state model 
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Workshop 5. 
Static Analysis of 3D Bracket 


| Introduction 

Readers who are new to LS-DYNA will spend a lot of time getting used to the modeling 
structure. Recently, other programs are designed intuitively through many developments in 
the GUI (Graphic User Interface) for the user's convenience, so that the learning time can be 
effectively reduced, whereas LS-DYNA requires an understanding of the Keyword structure 
for effective modeling. In this lesson, we will use LS-Prepost to create and analyze the 3D 
bracket structure, which is generally learned in the first stage of the FEM program. In this 
exercise, you will be familiar with the LS-Prepost environment and understand the process of 
reviewing the results. There is no need for prior knowledge or additional learning required 
and this is an example that can be completed by just following step by step. The model 
covered in the workshop will be a 3D bracket that imports CAD model (iges format) into LS- 
Prepost to create a mesh and create necessary input keywords. 4 bolts mount of the 3D 
bracket are fixed and 10MPa load is applied to the upper surface. The material is aluminum 


and the unit system is the MKS system. 


A. 30 Bracket Model 


| Importing Geometry 

If you import the provided geometry model (W5 geometry shelliges) you will see the 
following model on screen. Let's see how the model looks by clicking on the View icon at the 
top. As you get used to the View icon, you can speed up the modeling process. The model is 


the shell-type bracket and having a total size of about 70mm. Measure ruler is useful to 
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check the macro model size easily, so activate and proceed to model. When Measure ruler is 


enabled in the Display option, its icon is displayed at the bottom of the viewport. 


999999899 


u @ fe] g © <display option 


* File — Import — Iges file —^ W5_geometry_shell.iges, default in option 


9999998909 


IGES Read Options x 
Auto Cleanup 


Auto Stitch 
O By Part (€) Whole Model 
CI Stitch in Non-manifold 


Tol. (€) Auto © Manual 0.01 
М Remove Free Vertices 


Different Curve Color 


[7] New Assembly 


(Don't pop-up any more. 


си 


A. Imported Geometry model 


| Mesh Generation 
Element creation is done using the Auto Mesher. If you calculate the element size 
automatically with the auto mesher, a 2.4mm mesh will be created as shown below. If you 


look closely, you will see that the rectangular and triangular elements are properly combined 


to bound well along the geometry plane. 


= Element and Mesh — Auto Mesher — Sel. Geom | Area, In, add, drag all elements— option | 
size, compute — Mesh — Accept 
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QW LPL ey yay 


Auto Mesher x 


Mesh Mode 

@Size 

O Deviation 
ORemesh 

С) Variable Size Mesh 


Mesh Type | Mixed М 
hg Elem Size 0.002 

[ Reset 
C Connect Boundary Nodes 
[C] Mesh Across Suppressed Edges 
[18/6 Nodes Shell Element 
Show Meshed Boundaries 
@ Auto Remesh Boundary 
(O Manual Remesh Boundary 
O Constraint Point Insert 
Iz] Mesh by GPart 

Ignored Hole Size 0 


Merge Tolerance | 0.0001 


Part ID 15 
| Reject || Accent | 


m A) 


A. Generated Mesh Model 


i Boundary Condition and Load Setup 
We shall fix all four holes on the bottom of the bracket and apply a pressure of 10MPa on to 


the top surface. First, let's view the model by selecting the top view from the view icons. 


Then, select Node inside the hole. 


= Model and Part — Create Entity — Boundary | SPC | Cre — Sel. Node | Cir | by node, select 


nodes around hole(see image) — check all x,y,z,rx,ry,rz — Apply 
| 


A Boundary condition setup 


To apply the load, create a curve represents the load profile. Since the step time of the 
analysis proceeds for 1 second, enter a load period of 1.1 seconds so that the magnitude of the 


load starts at 0 and becomes 1 at maximum in 1 second and then is maintained for a certain 


period of time. 
= Keyword Manager — Define Curve — LCID=1, input values іп A1 and O1 (0,0 insert | 1,0 


insert | 1.1, 0 insert — accept — plot 
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*DEFINE CURVE (TITLE) (1) 


,.LS-DYNA keyword deck by LS-PrePost — 


TITLE 
| 9s —— Ex —— 4 
1 LoD SIDR SFA SFO OFFA OFFO DATTYP LC 
li D > [1.ооооооо |[1.0000000 оо 0.0 lo МЕ ost Е 
Repeated Data by Button and List $ | 
AL o § 047 
0.0 0.0 я 
Data Pt. 1 | Load XYData. ser | 
21010 | к==р шы = : - 
31110 | Replace | ш | Pot || Rase | 0 . i i i 
: + ie a 0 02 04 06 0.8 1 
| бее || Нар || New || Padd | Abscissa 


A Define Curve input and generated load graph 


= Model and Part — Create Entity — Load Segment | Cre — Sel. SEg | Pick | Prop, angle =1, 


select top surface — LCID=1, SF=10e6 — apply 


This confirms that the boundary condition and the load condition are input. When modeling 
shell elements, sometimes the normal direction of shell elements is inconsistent, so use the 
Element tools — Normal function to check that the normal direction vectors for all 


elements match in the same direction. 


Sel. Segments(209) 


Орк | Вох In 
Ares Prox Ох 
Poly Ge 
Seli | jFrin AN 
Sphe Реп O 


iD Туре алу 


[tabel selection [ ]305ш# [Еле 


Ej Гм» ч >] 


A Loading condition setup 
| Material Property and Section Property 
Assuming that the bracket to be made of aluminum, enter the property of Aluminum using 


the keyword MAT001_Elastic as shown below. Since it is a meter unit system, input density 
2580kg/m?, Young's Modulus 72GPa, Poisson's ratio = 0.3. 
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= Keyword Manager — MAT — 001 Elastic | input Ro, E, PR(see image) 
*MAT.ELASTIC (TITLE) (001) (1) 


1 MID RO E PR DA DB NOT USED 
1 2580.0000 ||7.200e+10 || 0:3000000 о [ол 0 | 


A Material Property input 


To input the properties of the shell element, enter the section properties referring to the image 


below. Since the shell thickness is 2mm, enter 0.002 in Т1. 


= Keyword Manager — SECTION — Shell | Elform 22, NIP=2, T1=0.002 
*SECTION SHELL (TITLE) (1) 


| SECID ELFORM X SHRF NIP PROPT QR/IRID'e| ICOMP SETYP 
h 2 w||1.0000000 |2 1 {vllo D vlii v 
PT T2 T3 T4 NLOC MAREA IDOF EDGSET 
0.0020000 [0.002000 | 0.0020000 ||0.0020000 |00 | 0.0 [0.0 0 


A. Section Property input 


After entering the material properties and element property values, assign these created 
material properties created into the part. 


= Keyword Manager — Part — PID = 1, SECID = 1, MID = 1 
*PART_(TITLE) (1) 


1 TITLE 

LSHELL1 | 
2 PID SECIDe Ме. EOSIDe  HGIDe GRAV АРРОРТ е! TMID e| 
pod d ew ‘i 


[ | [ 


A Part Data input 


l Analysis Condition 
This step is to setup various analysis conditions such as analysis time and result output 


interval request for analysis. 


= Keyword Manager — Control — Termination | ENDTIM = 1 second input 


= Keyword Manager — Database — Binary_D3plot = 0.1 
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= Keyword Manager — Database — ASCII Option | Default DT = 0.02 input, select GLSTAT, 
MATSUM 
This is the process of generating keywords for the analysis model. To check if all the 
necessary parts of the model are included, use Model checking to check for missing 
elements. If no error appears, it means that all the necessary elements are included in the 
analysis model. In this model, two warnings come up and double-clicking them individually 
confirms detailed information, which can be useful when debugging. In this model, the 
contents of the selected node and the shell thickness warning during the modeling process are 
irrelevant to the analysis results. Let's compare the generated keyword with the 
"W5 SETUP Bracket Model.k" keyword provided in the workshop folder. The model 


generated by the exercise might be slightly different in terms of node and element count. 


= Upper Main Menu Application — Model Checking — General checking — Keyword check 


Element Quality Keyword Check Contact Check Model Check Setting 
Error(0) Warning(1) UnRef(1) UnDefined(0) 


Error(0) Warning(0) UnRef(0) UnDefined{0) 

E- CONTROL(1) Error(0)  Warning(0) UnRef(0) UnDefined(0) 
(8. -DATABASE(3) Еггог(0) Warning(0) UnRef(0) UnDefined(0) 
E DEFINE(1) Еггог(0) Warning(0) UnRef(0) UnDefined(0) 
E] -ELEMENT(1417) Error(0) Warning(0) UnRef(0) UnDefined(0) 
| | &-KEYWORD(T) Error(0) Warning(0) UnRef(0) UnDefined(D) 
&l-LOAD(209) Error(0) Warning(0) UnRef(0) UnDefined(0) 
&- MAT(1) Error(0) Warning(0) UnRef(0) UnDefined(0) 
iH} NODE(1541) Error(0) Warning{0) UnRef(0) UnDefined{0) 
}- PART(1) Error(0) Warning{0) UnRef(0) UnDefined(0) 
EJ SECTION(1) Еггог(0) Warning(1) UnRef(0) UnDefined(0) 
` SHELL(1) Error(0) Warning(1) UnRef(0) UnDefined(0) 
E-SET(2) Error(0) Warning(0) UnRef(1) UnDefined(0) 
^ NODE LIST(2) Error(0) Warning(0) UnRef(1) UnDefined(0) 
E TITLE(T) Error(0) Warning(0) UnRef(0) UnDefined(0) 


A Keyword checking input 


[| Job Execution 


There are many ways to perform an analysis. There is a method of executing a command 
directly in the command window. If you are using ANSYS, you can use the command 


window provided by ANSYS or use LS-DYNA Manager. In this workshop, we will use a 
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useful job execution feature provided by LS-Prepost. If you click File — Run LS-DYNA, a 
dialog box for solving is displayed below. Here various functions are provided. They are 
model file, storage location, solver selection, CPU number, and memory allocation options. 
Selecting the triangle below gives a brief overview of the analysis process. Also, the result 
file is directly linked and the keyword can be checked directly with the text editor, so use it 


frequently to familiarize with the working environment. 


## LS-Run — o x 
File Settings License Manuals Help 

INPUT D:\TEMP\DYNA\Scracth\K\W6_BracketModel.k v tay 
SOLVER | D:\Programs\DYNA\program\|s-dyna_smp_s_R700_winx64_ifort101.exe м Б 
NCPU 4 vjs v 
MEMORY | 100m v |дито 44 
LS-DYNA command 

Preset SMP single ~ Set 

Expression | "SSOLVER" iz SINPUT ncpuz SNCPU memoryz SMEMORY “|= 


Preview | "D:\Programs\DYNA\program\LS-DYN~2,EXE" i=D:;\TEMP\DYNA\Scracth\K\W6_BRA~1.K ncpu=4 memory=100 


» DE ana w2 у» й О eet ~ [6] keyword ~ В 
ID | Input File | Кип Соттапа | Status | ЕТА | 
1 DATEMP\DYNA\Scracth\K\W6,BracketModel’Ds\Programs\DYNA\program\LS-DYN-~2.EXE" i= D:\ TEMP Е n/A 


A Run LS-DYNA Screen 


l Post-Processing 


The analysis time will be relatively long compared to the size of the model. As you solve 
static problems with explicit, the time to find convergence may seem relatively longer than 
other collision analysis. When the analysis is complete, it will be displayed in green as 
Finished and you can check the result by selecting the D3plot icon directly above. When the 
LS-Prepost window opens and the model appears, check out the various results in the Fringe 
menu of the Post-processing option. Since the calculation interval of D3PLOT is set to 
0.1sec, it can be seen that a total of 11 frames are generated. When 10 MPa was applied to the 
model, Von Mises was found out to be about 792 MPa and the maximum displacement was 
about 3.1 mm at the center. 

= Post — Fringe component — Pressure, von mises stress, Animate 

=  Post— Hist — Global — Internal Energy — Plot 


= Select Post — Fringe component — Ndv — Result displacement 
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So far, we have carried out a simple load analysis on the 3D bracket. We hope that you will 
become familiar with the work environment by repeating more analysis as you change the 


shell thickness or physical properties (change the material data). 


299999899 


Destress 

effective plastic strait 
Von Mises stress 
1st-prin dev stress 
2nd-prin dev stress 
3rd-prin dev stress 


min in-plane stress р -6.675е+07 _ 
-8.191е+07 _ 


Internal Energy 


Time 


9.377e-04 _ 
6.251e-04 _ 


3.126e-04 _ 
0.000e+00 _ 


A Displacement distribution result 
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Knowledge 


Material Library offered by LS-DYNA 


LS-DYNA provides more than 200 various material property models and also users can 
create property models through User-Defined Material with FORTRAN code if necessary. 
The classification is provided in the following physical properties, so learning the 
classification system once will help you learn. In the case of metallic materials; MAT24 
Piecewise Linear Plasticity model is frequently used for the elastoplastic material model 


and MAT20 Rigid property is also applied for the collision analysis. 


Linear Elastic Models Nonlinear Elastic Models 
*Isotropic (MAT1) *Blatz-Ko Rubber (MAT7) 
*Orthotropic (MAT2) *Mooney-Rivlin Rubber (MAT27) 
*Anisotropic (MAT2) »Viscoelastic (MAT6) 

Plasticity Models Foam Models 
*Bilinear Isotropic (MAT3) eLow Density Foam (MAT57) 
*Temperature Dependent Bi-Isotropic (МАТА) *Viscous Foam (MAT62) 
*Bilinear Kinematic (MAT3) eMooney-Rivlin Rubber (MAT27) 
ePlastic Kinematic (MAT3) eViscoelastic (MAT6) 


*Powerlaw Plasticity (MAT18) 

eRate Sensitive Powerlaw Plasticity (MAT64) 
eStrain Rate Dependent Plasticity (МАТ19) 
Piecewise Linear Plasticity (MAT24) 


Spring Damper Models Others 
eLinear Elastic Spring (MAT18) eRigid (MAT20) 
eLinear Viscous Damper •Сабіе (MAT71) 


*Nonlinear Elastic Spring 
*Nonlinear Viscous Damper 
*Elasto-plastic spring 
eGeneral Nonlinear Spring 
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Chapter B. Blade Impact Analysis of Composite Sandwich 
259999999 


| Workshop Objectives 
Y Understanding the properties of composite materials 


у Practice of inputting material properties of anisotropic materials 
Y Learn how to model sandwich structures 


Y Learn impact modeling process 


| Duration: 60 min 


| Application: Composite, Explicit, Structural, Impact Analysis 


| Model Files 


* W6 INITIAL Sandwichlmpact Mesh.k: Initial state model 
*W6 SETUP Sandwichlmpact.k: Final state model 
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| Composite Modeling 

Composite materials are now being more commonly used in our everyday lives so that they 
are no longer classified as new materials. Composite material refers to a material in which 
two or more materials are mixed with each other. In recent years, carbon composite materials 
have been used in almost all industries such as aviation, aerospace, automobile, sports, and 


medical care due to their lightweight, high rigidity, and high strength. 


A Carbon composite chassis? 


The direction of reinforcing fibers is one of the most important factors in modeling 


composites. LS-DYNA provides many functions for modeling composite materials. 


Unidirectional Cross-plied 
quasi-isotropic 


A Composite material orientations 


In this chapter, we will learn how to model the properties of composite structures. The impact 
analysis will be performed on composite sandwich structures that are mounted inside the 
aircraft's engine as a blade containment system. Basically, the layer modeling method 


provides the following three methods. 


* Layered thin shell elements: The structure is stacked in one shell element and the simple 
structure reduces the analysis time, but the stress calculation in the thickness direction is not 


possible and the phenomenon such as the separation between layers is not simulated. 


5 [mage courtesy of carbodydesign.com 
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Modeled is done with the help of keyword * Part Composite TShell. Thickness, direction 


and various properties can be applied for each layer. 


* Layered thick shell elements: The structure or 3D stress that is stacked in one shell 
element is calculated and the stress can be calculated for each stack. It is modeled as 
*Part Composite and it is possible to apply thickness, direction and various properties by 
layer. No separate section property input is required. Also, it is also possible to model various 


stacking patterns in one part using the *SECTION Shell composite keyword. 


* Solid elements: It is a structure that creates elements for each layer, so that phenomenon 


simulation such as delamination is possible, but the analysis time is relatively long. 


A Layered Thin Shell A Layered Thick Shell A Solid Elements 
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Workshop 6. 
Blade Impact Analysis of Composite Sandwich 


| Introduction 


In this chapter, the face sheet of the sandwich structure is modeled using layered thick shell 
element modeling and the internal honeycomb core is modeled using the general shell 
element. The purpose of the analysis is to evaluate the damage pattern when a blade with a 


speed of 18 m/s hits the honeycomb sandwich panel. 


A. Honeycomb Sandwich panel 


Sandwich structure is widely used in almost all industries such as aviation/automobile/ 
construction/shipbuilding due to its excellent bending and flexural properties against weight. 
In this tutorial, the user will learn how to model composite materials, input properties, and 


analyze impact absorption model for honeycomb sandwich structures. 


Honeyeomb Dane 


Faceshaef 


A Honeycomb Sandwich model 
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[ Import Mesh Model 

Let's import the W6 INITIAL SandwichImpact Mesh.k model, which already has a mesh 
created. A model consisting of four parts with meshes appears as shown below. It is a model 
where parts are located to simulate the situation just before the impact moment. The SI model 


unit is used for the analysis model. 


* Unit system [m, k , sec, №, GPa] 


E] Py LY EP EY EP E a 
E Blade 


Honeycomb Sandwich 


A Honeycomb Sandwich and blade mesh model 


| Material Property 

Composite physical properties can be modeled in various ways. Fundamentally, composite 
materials, unlike metals, have orthotropic properties, not isotropic. There are many physical 
property models that can define such anisotropy. In this exercise, the material model is 


created using MAT022 Composite Damage property. 


* Keyword Manager — MAT | 022 Composite Damage — Input property 
* Axial Modulus: EA, EB, EC, PRBA, PRCA, PRCB, GAB, GBC, GCA 
*Orientation configuration options: AOPT = 2, various options, where AOPT = 2 defines 
the principal axis a vector and the orthogonal d vector on lines 3-4. 


*[n line 5, input the strength value in the axial direction. 


71 | Part B. CG 


Chapter 6. Composite Sandwich Panel Impact 


*MAT. COMPOSITE DAMAGE (TITLE) (1) 


GrEP Elastic Constants 


EC PRBA PRCA PRCB 
4.500е+10 ||0.1500000 ||0.1500000 || 0.2500000 


МАСЕ ATRACK 


3 | 0. | vlo v] 

ХР ҮР 2р Al A2 Tes Material Orientation setup 

0.0 0.0 0.0 1.0000000 || 0.0 0.0 eas 

| Orientation vector 

Vi v2 УЗ Di D2 03 ВЕТА 

0.0 0.0 0.0 0.0 10000000 |[0.0- [oo | b 

sc x Yr Yc ALPH SN sz sx " 

1200e«08 |[2.500e«09 |[2.500e«08| |/2500e+07 ||00 [o.o [0.0 |0 | РА 

Strength data AOPT - 2 


А MATO22 material property 


AOPT = 2 was used to specify the direction of reinforcing fibers. It is very important to set 


the local coordinate because the fiber direction of the composite material is a key factor in 


For solids, define 
vectors aandd 
c-axd 

b-exa 

For shells, define 
vector a 


determining the physical properties. If AOPT - 2 is selected, the principal axis (a) and the d 


vector perpendicular to the a-axis is defined as shown in the figure below and the lamination 


angle is entered using the angle created with the main axis. 


A AQP] = 2 option coordinates for fiber orientation reference 


The variables that define the axial strength of the composite are as follows: 


* SC: Shear strength 
* XT: Axial tensile strength 
* YC: Transverse compressive strength 


* YT: Transverse tensile strength 
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The MAT22 model uses Chang-Chang's Failure model. The axial tension/compression 
failure and matrix tension/compression failure of the reinforcing fibers are defined by the 
following criteria: 


бш > 0 then е2 = (S8)? + p (Set) - 1 (Z 0 failed 


« 0 elastic 
* Tensile fiber mode: 


On failure: E, = Е = Gi; = vi2 = vi = 0 


= (ба Xte 


On failure: Ё =ур= уз = 0) 
(е) PE e 0 failed 


Se < 0 elastic 


"«[() A 


On failure: £ = va 7 vi2707 б 70 


i(2 0 failed 


Oaa < 0 then e A 
xx « 0 elastic 


* Compressive fiber mode: 


* Tensile matrix mode: 2 2 
aA Opp > 0 then en 7 (28) + 


* Compressive matrix mode: op, «0 then e? = (=) 


а > 0 failed 
bp (= ш) e: 
ш ЕЕ + ( if 


< 0 elastic 


The blade is defined as a rigid body having the properties of titanium. The honeycomb 


structure of the sandwich core is modeled with MAT024 consisting of aluminum properties. 


= Keyword Manager — MAT | 020-Rigid — input material property 


= Keyword Manager — MAT | 024-Piecewise Linear Plasticity —input material property 


*MAT RIGID (TITLE) (020) (1) 


TITLE 
Blade 
1 MID RO E PR N COUPLE M ALIAS 
[E 4500.0000 1.080e+11 0.3300000 0.0 0 wv || 0.0 
2 CMO сом CON2 
10.0 vilo 0 


A MATUZU Material Property 


*MAT_PIECEWISE_LINEAR_PLASTICITY_(TITLE) (024) (1) 


TITLE 
| Al_core 
| MID RO E PR SIGY ETAN FAIL TDEL 
E 2500e+04 ||7.200e+10 |[0.3000000 |[6.000e+08 |[1.000e+09 |[00450000 оо 
EE p LcSS|e|  LCSR!e УР 
0.0 [оо [о о foo — v| 


A MATD24 Material Property 
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Material Properties for Orthotropic Material in LS-DYNA 


LS-DYNA offers various composite material properties. 


e MAT002 (Elastic Orthotropic) The axial properties can be input individually to the basic 
elastic model, but damage or breakage cannot be modeled. Nine axial properties are entered 
as triaxial modulus: EA, EB, EC, axial Poisson's ratio: PRBA, PRCA, PRCB, axial Shear 
Modulus: GAB, GBC, GCA. 


The following models can be variously modeled for damage and are classified according to 


the damage modeling method implemented: 


= МАТО22 Composite Damage 

= MATO054, 055 Enhanced Composite Damage 

= МАТО58 Laminated Composite Fabric 

= MAT158 Laminated Composite Fabric including strain rate effects 


" MATO059 Composite Failure (Shell, Solid) Model 


Among these, MAT22, 54, 55 are properties applicable to all shells, tshells, and solids. In 
particular, MATS54 / 55 properties can be effectively analyzed by applying relatively simple 
input parameters and damage models to complex composite failure mechanisms. Therefore, 
the MAT54 / 55 models have been widely applied to the collision analysis of composite 
materials in the industrial field. Compared to MAT22, the other models have more damage 


mechanisms that can be expressed. 


In addition, there is * MAT116, which is the concept that the entire lamination is calculated 
and analyzed through the lamination theory and here individual layer stresses are not 
calculated, but the advantage is that analysis time can be considerably shortened. This would 


be useful for very thick stacking materials. 


As DYNA is upgraded, the latest composite models continue to be added. In the case of the 
recently included composite model, * MAT 261 Laminated Fracture Daimler Pinho / 
Camanho, it is a physical model that can model not only interlaminar failure but also 
intralaminar failure damage. As the name suggests, this is a property model developed by 
Mercedes Benz, Germany, to analyze composite materials. This model is also applicable to 
Shell, tshell and Solid. 
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| Section Property 

The top panel and bottom panel of the sandwich panel consist of laminated composite 
materials and the middle honeycomb core consists of Imm aluminum cell. Part composed of 
laminated composite material does not need to input separate section property because of all 
the stacked information required in * Part_Composite. For the Impactor blade, enter Solid 


Section and enter ELFORM = 16 because the mesh was created as a Tetrahedron mesh. 


= Keyword Manager — Section — Shell — ELFORM=2, T1=0.001 — Accept 
= Keyword Manager — Section — Solid — ELFORM=16 — Accept 


*SECTION_SHELL_(TITLE) (1) 


| Соге | 
| SECID ELFORM — SHRF NIP PROPT QR/IRIDe| ICOMP ЅЕТҮР 

E |2 у |[1.0000000 [2 1 ~ [о llo „|1 v 
eet T2 13 T4 NLOC MAREA ОЕ EDGSET 

[o 0010000 ||o.0010000  |0.0010000 [00010000 [oo 0.0 о.о 0 


A Section Shell for Honeycomb core 
*SECTION_SOLID_(TITLE) (1) 


SECID ELFORM АЕТ 
id 16 v ilo v 


A Section Solid for Blade 


Now that the properties and section properties have been created, it is a stage to assign the 
properties that correspond to each part. The first step is to enter the * Part_Composite 
keyword, which defines the properties of the sandwich panel. In Part_Composite, you can 
input section characteristics such as ELFORM of the part and input the number of materials, 
thickness, fiber direction/orientation, etc. for each stack. The direction of lamination is from 
the bottom part based on the normal vector as shown below: 


= Keyword Manager — Part Composite — ELFORM=2, MAT=1, Тһіск1=0.001, B12 0 ..... — 


input values(see image), create Part Composite repeatedly 


*PART COMPOSITE (TITLE) (2) 


! IHE 
['opSheet 
? PID ELFORM 5НВЕ NLOC MAREA HGID|e| = ADPOPT  ITHELFRM 
12 [2 v [oo [oo 0.0 е lo v0 Ж 
Repeated Data by Button and List 
MID1 ж THICK1 Bi IMIDi*  MID2e€ THICK2 B2 TMID2 ө 
1 [0.001 [оо [о 1 [0.001 ПЕ] [о | 
10.001 0, 0 10.001900 — 0 | Data Pt. 1 
2 10001450 0 10.001-450 0 


А Part Composite Keyword Input Screen (Lamination Angle [0/90 / + 45 / -45]) 


75 | Part B. C6 


Chapter 6. Composite Sandwich Panel Impact 


Normal Vector 


442.0 -q= 
T 


| 
| 
H 
t 


МА АЕА 


A Part Composite layer order 


The fiber direction can be found by Element tools — Identify — Element | Mat Direction. 
The set direction is displayed as shown below. If Intl ~ Int4 is selected in the dialog box, the 
axial direction set for each layer appears. Check if it matches: [0 / 90 / -45 / + 45]. 


QNode @ Element 
OPat © Particle 
OCNRB O Composte 
Oshel OSPH Omer. 


~ Озо OMass О Ни 
[| ОВеат ObDsc. O Tshell 


АА сз QSeat. ODiscSph. (9)AnyE 
S 34618 Р NA asd (Noa) 
Show Results [C]No ID 


CElem Dir Емас Dir 

Fber Dir | Write MatAxes 
AirbagRG C Show Popup 
Ораг Name 


A Checking Material direction 


Next, select and enter the section characteristics of the honeycomb core and for the blade. 


= Keyword Manager — Part — select SECID and MID corresponding to Core and Blade 


*PART_(TITLE) (2) 

1 IME 
[оге 

? PID SECIDe| pie) ЕО5је| нбре  GRAV ADPOPT/e| TMID e| 
1 1 2 0 0 [o БГ] 0 

"PART (TITLE) (2) 

1 ITE 
Blade 

2 PID SECD|e| мре  Eosme  HclDe GRAV  АрРОРТ ө ТМр |е) 
5 2 3 0 0 0 “|0 o 


| Boundary Condition 


Fix both side ends of the sandwich panel and enter the blade impact speed. 
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= M Model and Part — Create Entity — SPC | Cre — Sel. Node | Area — select both side 
nodes(see image), 6 D.O.F all check — Apply 

= M Model and Part — Create Entity — Initial | Velocity — Sel. Part | Pick — select blade, Vy=-4, 
Vz=-16 — Apply 


-- Airbag QOsShow @cre (OMod (Del 
ShelRefGM T 
- Application abel: None 
©- Bounda 
zu @Set О Моде 
Prescribed Motion(BPM)| | Auto Merge Convert NodeTR p 
Spc Symmetry Plane Р 
$- Constrained icc. 
&)- Contact Symplane All Ех[111111 v 
- Damping 
Œ- Database BS ER Be Ie 
3J- Define Iv Iv i м] М] el 
#- Element Birth 


&- Initial 
&- Load 2 
&- Rigidwall CID С] 
&- Section ЕА 
3- Set Data NSID 2| Newld 


*SET. NODE 
*SET. BEAM 


ntity Creation 


B- Airbag 
ShelRefGM 
&- Application е: (One 
5- Boundary 
Spc CreateType Global 
Prescribed Motion(BPM) Vx Vy vz 
Spc Symmetry Plane 
&)- Constrained | 
-Contact Мх Му ve 
-Damping | 
@- Database 


| OShow @Cre (Mod (Del 


f Load Apply 
@- Rigidwall 
8: Section [Ez 
5- Set Data 
*SET NODE |439 - 584 
*SET BEAM |585 - 730 


A. Sandwich panel boundary condition and blade initial velocity input 


| Contact Condition 

In this model, the blade colliding with the sandwich panel consists of three parts. Therefore, it 
is effective to set the contact condition of the Segment-Part by setting the area of the panel 
where the collision occurs to Segment option. Set the segment where the collision is 


expected to occur as shown in the figure below. 


= Model and Part — Create Entity — Set Data — Segment — Sel. Segments | Area | Add | By 


Element — select impact zone(see image) — done 
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Airbag OShow (€) Сге (С) Мо (Del 
ShelRefGM "ETE 

Application Label: None 

ніна d SetID Title(Optional) 

Contact 2 

Damping 


DAL DA2 DA3 DA4 


Define 0.0 0.0 0.0 0.0 
Element 


Database 


Initial Segment Attribute: 
eni м № B M 
Section 
Set Data 
"SET NODE Apply 
*SET BEAM |o] 
*SET DISCR 
*SET PART 
*SET SEGM 
*SET SHELL 
*SET SOLID | 
мын — | 
Оле QR Ол Amd | Stem LL 
Ою OO qu aa Osean iB 


A Segment setting af sandwich panel 


Contact condition is created by using * Automatic_Surface_to_Surface, select MSTYP = 0 


(segment) and SSTYP = 3 (Part) and assign the created segment and blade part respectively. 


* Keyword Manager — Contact — Automatic Surface to Surface — Input values (see image) 


*CONTACT AUTOMATIC SURFACE TO SURFACE (ID/TITLE/MPP) (THERMAL) (1) 


[ | 
L]MPP1 

2 IG BL .CBUCKI S2TRACK INIT CPARM 

0 200 3 2 0 
3 UNUSEL HKSEGS PENSE СЕ! 

0 1.0 0 

4 SSIDe MsID'e| = SSTYP. MSTYP SBOXIDe МВОХІЮ е SPR MPR 

5 1 3 vllo vlo 0 0 vlo v 
5 FS FD Dc vc VDC PENCHK BT DT 

Г) 0.0 [оо [0.0 0.0 lo foo —  |[1000e20 | 


| Analysis Condition 


Since the analysis time is 0.0021sec, enter ENDTIM - 0.0021 in the * Control termination 
keyword and set d3plot, ASCII data and Extent Binary in the result file database. 


= Keyword Manager — Control | Termination — ENDTIM = 0.002 
= Keyword Manager — ASCII option — Default DT21e-4, GLSTAT, MATSUM, RCFORC 


= Keyword Manager — BINARY D3PLOT — NPLTC=50 (Generate 50 frame) 
= Keyword Manager — Extent Binary — NEIPS=2, CMPFLG=1 
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* NEIPS-2 represents the number of integration points for the history output of the 
damage factor in the composite (T) shell. In the case of solid element, it is defined as 
NEIPH and CMPFLG - 1 means the stress and displacement calculated based on local 
coordinate. If CMPFLG - 0 is selected, the output is based on global coordinates. 


= Keyword Manager — KEYWORD — MEMORY=800000000, NCPU=4 (Enter to fit user PC) 


So far, we have practiced keyword modeling for sandwich panel and blade impact analysis, 
including composite materials modeling. Then, save the completed Keyword and perform 
the interpretation. Let's open the generated keyword and the provided *'W6 SETUP 
SandwichImpact.k’ model with a text editor to compare with each other and see if there are 


any differences. 


| Analysis Result 
After the analysis is completed, let's load D3plot into Prepost. You can also load it directly 
by clicking the LSPP icon in the LS-Run dialog. Let's select Pressure, Von mises stress, etc. 


in the Fringe component of the post and show the calculated 50 frame result. 


= Post Fringe component — Pressure, von mises stress— select Animate 


As shown in the figure below, you can see that the blade bounces after a certain point of time 
after it damages the sandwich panel upon impact. Since damage intensity value is entered 
during composite panel material modeling, it can be seen that the element disappears as the 
panel is damaged when a certain level of stress occurs. Similarly, since the honeycomb core 
cell has the failure strain value input, which is the damage criterion, the core cell part where 


the element is deleted can be identified as shown below: 
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9999999969 


A. stress distribution 


4.427e*08 | 
3.795е+08 | 
3.162e+08 | 
2.530e*08 | 
1.897e+08 | 
1.265е+08 | 
6.325е+07 _ 
0.000е+00 _ 


A Damage іп the composite panel and the honeycomb core 


Check the Part in the History output and select the Blade to plot the Kinetic energy and Rigid 


body velocity. You can see how energy absorbs and slows down as collisions occur. 


50 LS-DYNA keyword deck by LS-PrePost 


Part Data 


0 0.5 1 1.5 2 
Time (E-03) 


A Change of kinetic energy and speed of the blade 
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After selecting RCFORC in ASCII, load and plot the resultant force of Ma-1 (Master 


Surface). The impact load on the sandwich target panel can be checked as follows. 


20 


= 
[^] 
П 


= 
о 
П 
t 


Resultant Force (E+3) 


әл 
п 


LS-DYNA keyword deck by LS-PrePost 


0 0.5 1 
Time (E-03) 


A Impact load distribution in the sandwich panel 


To identify the damage mechanism of the composite panel, NEIPS = 2 was entered in the * 
Database Extent keyword, which identifies the classification of Chang-Chang's failure 
mechanism as a history output. Go to History output — Int. Pt — history var # | (tensile 
fiber mode), 2 (compressive fiber mode), # 3 (tensile matrix mode), # 4 (compressive 
matrix mode) can be checked. If you select the elements near the damaged part as shown in 
the figure below, you can check by which mechanism and at what point (1: Elastic — 0: 
failed). 


Ораг 

О R-Nodal 
O Scalar 

O Vol Fail 

[ ]Along IPs 


1 LS-DYNA keyword deck by LS-PrePost 


Sum Mats 


2nd Prin Deviatoric Stress ^ 
Min Prin Deviatoric Stress 
Tresca (max shear stress) 
Maximum Principal Stress 
2nd Principal Stress 


Minimum Principal 


Stress 


Бо 
e 
history var#2 МЕ 
t 
Ет > 
go. 
: | Shells v © 
Е 
: Global "E 
ce; [Minima ~| 02} 
@ Popup O Main Spit 
629610 Pot || New || Padd | 4 i i i 
S 36408 = 0 0.5 1 1.5 2 
Clear | Raise Pop 


Time (E-03) 


A MAT22 Chang-Chang 's damage mechanism count check (when NIEPS = 2) 
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In this workshop tutorial, the impact load analysis of the blades for the composite sandwich 
structure was practiced. It is hoped that the practice has improved understanding of the 


modeling and properties input procedures for composite structures. 
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Controlling the Analysis Process 


LS-DYNA analysis sometimes takes quite a long time to solve. Therefore, it is necessary to 
take action during the analysis process to make sure that the analysis model is working as 
intended. In general, if multiple D3PLOTS are generated in the following Log screen, the 
analyst must check this. If it is determined that there is a problem in the analysis process, the 


analysis should be stopped. 


sh elements tha 

reached tha minimum time step.. 0 
| t 0.0000Е+00 dt 3.00E-08 flush i/o buffers 
| t 0.0000Е+00 dt 3.00E-DB write d3plot file 


Deformable Spotwelds: 
total added spotweld m 
percentage mass incr 


cpu time per zone cy 
average cpu time p 
average clock time per z 


estimated total cpu time 
атов cpu time to complete 
estimated total clock time 
estimated clock time to complete 
termination time 
42] t 1.2600E-03 dt 3.00Е-06 write 
842 t 2.5230E-03 dt 3.00E-06 write 


non tt tt tt 


"o 
c 
Ss 


.enter sense switch:sw2 | 


During the analysis, in the process window, press Control + C to stop the analysis and use 
the sense switch. 

= ЗУ. Restart Save the file and stop parsing. 

= SW2. Display the time and cycle of the current state and continue the analysis. 

=  SW3. Save the Restart file and continue the analysis. 

= 514, Save the plot state and continue the analysis. 

= Stop. Pause analysis and close open files. 


= Quit. Analysis stops completely. 


In general, the initial analysis time displayed in the log screen is calculated to be very large, 
so it may be helpful to check the expected analysis time of the current state by entering sw2 


after Control + C. 


If you stop the analysis through Stop or Quit command, the result file in that state will remain 


in the folder so you can check it later for debugging. 
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Chapter 7. 3P Bending Analysis (Explicit vs. Implicit) 


OMM Сару «Шу y «у «у e M 


| Workshop Objectives 

Y Understand the concepts of explicit and implicit. 
Y Practice how to create ЗР Bending Test 

Y Applying Adaptive Meshing Technique 


Y Understand the difference between Explicit and Implicit models. 


| Duration: 90min 


| Application: Structure, Explicit, Implicit, 3P Bend Test 


| Model Files 

* W7 INITIAL MeshPart.k : Initial state (Mesh Model) 

*W7 SETUP 3PBendTest Explicit.k : Final state model (Explicit) 
*W7 SETUP 3PBendTest Implicit.k : Final state model (Implicit) 
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Workshop 7. 
W7 3 Point Bending Analysis with Explicit & Implicit 


| Introduction 

In the engineering field, tension and bending tests of many mechanical components (test 
specimens) are often done to find out its behavior and characteristics. In this tutorial, we will 
practice the analysis of the three-point bending test on corrugated panels. The corrugated 
panel is one of the representative structural forms widely used in the industrial and 
architectural fields. Here, the panel is bent in various forms to increase the rigidity of the 
bending direction. We will practice the analysis of the three points bending test by applying 
both Implicit and Explicit techniques. Then, we shall examine the differences between 
implicit and explicit methods. Also, we will practice how to incorporate the Adaptive 
remeshing technique, which is one of the effective techniques in LS-DYNA for getting good 


results. 


A Corrugated panel 3-paint bending test analysis model 


In this analysis model, the *MAT24 Piecewise Linear Plasticity model, which is the 
representative plastic property model provided by LS-DYNA, is applied to the explicit and 
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implicit solver. Then, we will learn how to extract the graph for deformation and bending 


load from the solved analysis results. 
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B A. Explicit Solver Model 


[ Import Geometry Model 
The model consists of two parts, a corrugated panel and an indenter that loads at the center, 
as shown below. The model can be verified by importing the provided file 


‘W7_Initial_mesh.k’. The unit used in the model is [mm, kg, ms] unit system. 


* Unit system [mm, kg, ms, kN, GPa, kN-mm] 
To check the size of the whole part, let's measure the model using the Measure function. The 


measured size is 1m in the length direction of the panel and about 0.3m in the width 


ES 


= Element tools — Measure | Dist N2N | Measure the distance between nodes by clicking on 


direction. 


. “Measure icon 


both ends of the panel 


48 


10.280891) 


A. Imported 3-point bending test analysis model 


| Material Property 

Let's assume that the corrugated panel is made of stainless steel and input the properties using 
МАТ24 material card. At this time, pay attention to the unit system and its consistency. The 
definition of the plastic zone of MAT24 material can be applied in various ways. The first 
method is to enter it using ETAN (Tangent Modulus) on the following input screen. The 
second method is to define and input LCSS, that is, the curve of the plastic zone and the third 
is to input EPS1-ES1 (Plastic strain-corresponding yield stress) individually. In this exercise, 
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the method of inputting ETAN is applied. For the properties of the indenter enter the rigid 
body properties. 


* Keyword Manager — MAT | 024-Piecewise linear plasticity — input properties 
"МАТ. PIECEWISE LINEAR PLASTICITY (TITLE) (024) (1) 


Lil LC 


SteelPlate 


ETAN 


850.0000 || 2.100e+11 0.3300000 500е+08 || 1.100е+09 || 1.000e+21 lu 0 


LCSS'«| LCSRe vP 


[mcm |р шу 


3 ЕР51 ЕР52 EPS3 EPS4 EPSS EPS7 
fe e e e e Joo Joo Jus) 
4 Еѕ1 ES3 


ESS ES8 
po Joo Joo Joo Jo Joo oo fo] 


A MATO24 Material Properties 


= Keyword Manager — MAT | 020-Rigid — input properties 
*MAT RIGID (TITLE) (020) (1) 


1 MID RO E PR N COUPLE М ALIAS 
p mess nes Jemem jor o о we [| 


A MATO20 Material properties 


Enter the property values paying attention to the unit system. The density of steel is 
7850kg / m?, the modulus of elasticity is 210GPa, the yield strength SIGY = 
350MPa and the ETAN (Tangent modulus) is the modulus 1.1GPa of the plastic 
zone. Tangent Modulus means Linear Plasticity. It means that the plastic area is 
expressed by one slope. In fact, many engineers apply the various physical models 
without knowing the physical meaning of them and in fact, this lack of 
understanding has resulted in many cases of getting numerical errors. From the 
graph below, you can easily understand the physical meaning of MAT024, the most 


widely used material in Dyna. 
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Stress MAT2014 Piecewise Linear, Plasticity 


Tangent Modulus 
(Inelastic Modulus) 


Young's Modulus 
(Elastic Modulus) 


Strain 


| Element Property 


Since both panel and load application indenter are made of shell elements, define shell 
sections for these. Create two sections because they are 3mm and 5mm thick, respectively. 
ELFORM chooses the default shell element of 2 (the default value). Set the section and 
material created in this way. Note that ADPOPT - 1 must be set for the corrugated panel. 


= Keyword Manager — Section — Shell — ELFORM=2, T1=0.003 — Accept, T1=0.005 
= Keyword Manager — Part — PID=1, SECID=1, MID=1, ADPOPT=1 
= Keyword Manager — Part — PID=2, SECID=2, MID=2, ADPOPT=0 


*PART(TITLE) (2) 

1 TITLE 
buto created 

2 PID SECIDe] мрә EOSIDe| HGIDe| GRAV ADPOPT|e| TMID e 
1 Е 1 0 0 [o “|1 fo 


A Part property setting screen (Wrinkle panel, ADPOPT = |) 


ADPOPT = 1 (default = 0) is set for the component where adaptive remeshing occurs and 
the mistake of adaptive remeshing that most beginners make is also caused by not setting this 


parameter. 


| Boundary Condition 
Fix all nodes on a specific line located on the left and right sides of the panel as shown below. 
In the case of test specimens fixed with rollers, the corresponding direction shall be 


constrained. In the same way, select the upper edge line of the indenter and select DOF as 


shown below. 
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* MModel and Part — Create Entity — SPC | Cre — Sel. Node | Area — Select the node of the 
5th line on the left and right of the panel as shown below, check all 6 D.O.F — Apply 

= Model and Part — Create Entity — SPC | Cre — Sel. Node | Area — Select the top line of the 
indenter as shown below, check D.O.F 2101010 — Apply 


Apply Cancel Ww 


A Boundary condition setting 


The movement of the indenter is defined by creating a curve. Use CurveGen function of the 


application to create a curve(similar to *Define_curve). 


= Application — Tools — CurveGen | Method= X-Y | Uncheck Smooth — 0, 0 insert, 0.01, 0.05 
insert, 0.011, 0.05 insert — done 


@ Create O Modify 
Method: X- Y м 
S.T. offset p.o 

X y. LI Smooth 
0.010 0.05 | 50 
Inset || Remove 
0 0 linear 50 
linear 50, 


(0.01 0.05 


11 05 


linear 5! 


A Curveben generation 


Curves can be created from Define — Curve, but learn how to use them because CurveGen 
function in prepost provides various options. If you check the curve created in Define — 
Curve, you can see that 50 points are automatically generated per zone. Let's set the 
displacement to move the indenter 10 cm per 0.01 sec using the generated curve. In the actual 
tensile or bending test, the moving speed of the load cell head is generally slow, which is 
applied at 5 ~ 10mm / min, but it is assumed to be 0.01sec in the analysis. This is not an 


analysis considering the strain effect, but it does not mean much by considering the strain rate 
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effect. However, in the case of physical properties affected by the strain rate, the actual time 
should be set. 
= Model and Part — Create Entity — Boundary | Prescribed Motion Rigid | PID=2, DOF=2 (y- 


axis), VAD=2(displacement), LCID=1(generated Curve), SF=-1(force direction) — Accept 


| Contact Condition 

Since this model has a circumstance where two parts are in contact, we applied *Contact_ 
Automatic single surface, which enables simple and effective analysis. In this condition, 
there is no need to set separate slave and master elements. It is a relatively simple keyword 
because the program automatically finds and sets the contact surface. The coefficient of 


friction is set as 0.15 for both static and dynamic. 


= Keyword Manager — Contact — Automatic Single Surface — SSID, MSID =0 — 


FS=FD=0.15 
*CONTACT_AUTOMATIC_SINGLE SURFACE (ID/TITLE/MPP) (1) 
CI MPPI C] МРР2 
2 : | 
3 
1.0 

4 sspe MSIDe!  55$ТҮР MSTYP SBOXID| e| MBOXID|e| SPR MPR 

0 |0 lo và м о IL 0 vllo 9 
5 ES FD DC vc VDC PENCHK ВТ DT 

0.1500000 |[0.1500000 |оо [0.0 [оо jo м [оо ||t.0006«20 


A (Contact condition setup 


| Analysis Setup 
Since the event of the contact behavior can be captured from a run time of 0.01sec, set 
termination — 0.01 and set the d3plot, ASCII data, and history shell for extracting the 


working load in the output database. 


= Keyword Manager — Control | Termination — ENDTIM = 0.01 

= — ASCII option — Default DT=0.0002, select GLSTAT, ELOUT 
= — BINARY D3PLOT — NPLTC=40 (generate 40 frames) 

= — HISTORY SHELL select 4 nodes (see image) 


91 | Part B. C7 


Chapter 7. 3P Bending Test Analysis 


*DATABASE HISTORY SHELL (1) 


Repeated Data by Button and List 
Dile Ip2e юзе D40) 
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A History nodes information 


= — KEYWORD — MEMORY=800000000, NCPU=4 (if you have quad-core PC) 


= e CONTROL — Contact — Default 
= e CONTROL — Energy — HGEN=1, RWEN=1, SLNTEN=1, RYLEN=1 
= CONTROL — ADAPTIVE — ADPFREQ=0.001, ADPTOL=0.2, ADPOPT=2, MAXLVL=3, 


IOFLAG=1 


Here are the primary keywords for ADAPTIVE Remehsing. ADPFRE@Q is a cycle 
of regenerating the mesh. In this analysis, since 0.001 is set, 10 regeneration 
cycles occur. ADPTOL (Adaptive Error Tolerance_) means the error tolerance for 
remeshing and usually enters a value less than 2. The default value is 1e + 20 and 
the smaller the change, the smaller the element changes occur. (Adaptive option) 
is a method for the remeshing criteria, where EQ.1 varies depending on the angle 
change of the surrounding element and EQ2 changes the total angle change, and 
EQ.2 responds more sensitively. MAXLVL (maximum level of refinement) and flag 
to generate adaptive mesh at exit (IOFLAG) is an option to record the information 
of the generated mesh at the end of the analysis. Please note that the option to 


ADAPTIVE Remeshing occurs because ADPOPT is not enabled. 


So far, we have generated keywords for a three-point bend test analysis model using an 
explicit solver. Compare the generated *W7 SETUP ЗР BendTest_explicit’ model with the 
generated model and see if there are any differences. Save the analysis model and run the 
analysis. Perform the analysis using File — LS-Run of LS-Prepost. In the case of the 
explicit model, the latest PC will complete the analysis within minutes. If the modeling was 
successful, the command prompt will show the information of adaptive remeshing as the 
analysis proceeds. As the mesh is subdivided like ‘Shell increase from 5600 to 5798', the 


number of elements created by remeshing is displayed. 
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estimated total cpu time 
estimated cpu time to complete 
estimated total clock time 
est imated Mn time to complete 
termination t E 
307 э 5212Е- 04 4 write d3plot file 
.0497E-04 А write d3plot file 
.5686E-04 l write d3plot file 04/11 
.0005E-03 i 7! write adaptivity stress file 04/11/18 1 
.0001E-03 J increase shells from 5600 to 5798 
.0001E-03 А increase shells from 5798 to 6389 
.0001E-03 : increase shells from 6389 to 6389 


sec 
Sec 
sec 
sec 


Memory required to process keyword 1137935 


A log screen 


| Result Visualization 

After the analysis is complete, load D3plot into Prepost. You can also load it directly by 
clicking the LSPP icon in the LS-Run dialog. Moving to the last frame, as shown in the 
figure below, it can be seen that many elements that are subdivided by adaptive remeshing 
are created. The result data shows that the number of elements starting with 5000 is more 
than doubled to about 12000 in the final frame. 


A. Remeshed Corrugated Panel 


If the von mises stress distribution is selected from the post fringe component, the von mises 
stress distribution can be seen as shown below. The maximum stress was about 440MPa 


which occurs at the region where bending deformation is maximum and the largest 
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displacement was 50mm at the central section. When modeling the four nodes set in the 
history shell, select and plot four nodes in ASCII to extract the stress and the result data can 
be checked with the graph as shown below. With this data taken from Prepost and the data 
from the strain gage set in the experiment or the load data measured from the load cell can be 
compared with each other. If you click the Save icon below the graph, you can save it as 
various types of numerical data. If the Yield value (eps) is selected among the extraction data 
options, it is possible to check the timing of plastic deformation while yielding occurs. So far, 
we have practiced the analysis process with the explicit solver. Next, we will proceed with 


the same analysis by use of the implicit solver. 


= Post — Fringe component | Stress | Von mises stress 
= Post — Fringe component | Ndv | Result displacement 


= Post — ASCII — Elout* | Load — Sh-4 | Ip-1 or Ip-2 | Effective stress (v-m) — plot 


2020009919899 


A. Van mises stress distribution 
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LS-DYNA keyword deck by LS-PrePost 
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Time (E-03) 


A. Stress distribution and Yield stress extracted from center 4 nodes (Explicit solver) 
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| Implicit solver setup 

Save the generated model with a new name and edit the keywords. Add two more keywords, 

*Implicit_General and *Implicit Solution, as shown below. 

= Keyword Manager — Control — Implicit General — IMFLAG = 4 | DTO = 1e-6 | IMFORM = 2 | 
Enter IGS = 1 — Accept 


= Keyword Manager — Control — Implicit Solution — Default Value — Accept 


*CONTROL IMPLICIT GENERAL (1) 


IG CNSTN FORM ZERO V 


IMFORM М5В5 
Е 1.000e-06 [2 м 1 м 110 110 v0 v 


A Implicit General keyword generation 


*CONTROL IMPLICIT SOLUTION (1) 


NSOLVR ILIMIT MAXREF DCTOL ECTOL RCTOL LSTOL ABSTOL 
12 "IET 15 || 0.010000 || 0.0100000 [1.000e+10 [0.900000 | 1.000e-10 
DNORM DIVERG ISTIF NLPRINT NLNORM D3ITCTL CPCHK 

1 vh vl lo ~ |[2.0000000 [o lo v 


A Implicit Solution keyword generation 


Create two additional keywords like this and proceed with the analysis. Perhaps an error will 
occur after a few minutes of analysis at a fairly slow pace. The error message says that it 
failed to find convergence, which is one of the most important differences between implicit 
and explicit. In order to find an equilibrium condition for implicit convergence, many 
requirements must be met. 

Now, let's rerun the analysis after increasing the DCTOL variable 10 times from 0.001 to 
0.01. The DCTOL variable is a value of Displacement convergence tolerance, which means 
that the numerical criterion is more relaxed. You can see that the step is progressing a little 
faster than before. The analysis will be completed in about 2-3 hours without any error 
message. Compared to an explicit model completed in minutes, the implicit analysis takes a 
much longer time to complete. The maximum stress is 425 MPa, which is slightly different 
from the explicit 446 MPa. Let's compare the stress distribution graph extracted from the 


node in the center with the remeshed state. In the case of explicit analysis, the change of 
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stress is more significant and the remeshed state shows a more uniform in implicit case, 


whereas it is more scattered in Explicit. 


0600689093 pep 


А Von mises stress distribution (Implicit model) 


04 LS-DYNA keyword deck by LS-PrePost 


Element id 
"| А Sh-2601 (ip=1) 
..B..Sh-3007 (ip=1) 
0.3 4 LC. Sh-3403 (ip=1) 
Ф .D. Sh-3799 (ip=1) 
Е 
= 
v 0. 
ә 
£ 
N 
Фо 
> 
=] 
о 
£ 
ш 


Time (E-03) 


A Stress distribution extracted from center 4 nodes (Implicit solver) 
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A Remeshed Corrugated Panel (Implicit solver) 


We have analyzed the analysis of the 3Point bending test for the corrugated panel by the 
implicit and explicit method and also compared the differences. These differences are typical 
factors of the two solvers. We also practiced how to apply Adaptive Remeshing. Let's see 
how it affects the results of the analysis by changing parameters related to Adaptive 
Remeshing. The best way to understand parameter is to learn from these various attempts 


and iterations carried out with a different value of any parameter. 
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И Difference between Implicit and Explicit 


Accurately understanding the difference between explicit and implicit is an important concept 
as it is linked to how to interpret the target structure in an effective way. However, many 
engineers in the field simply understand whether the variation over time is large or small. 
Thus, in general, collision analysis is often explicit and general mechanical behavior analysis 
is implicit. This is not a completely wrong case, but it is necessary to derive more scientific 
analysis through understanding the underlying concept of implicit and explicit analysis 


scheme. 


Although it is known as a dynamic analysis program such as LS-DYNA and Autodyn, all 
include implicit solvers and general programs such as ABAQUS, ANSYS, and NASTRAN 


also include both implicit and explicit solvers. 


| Implicit solver 

The following formulas dealt with in FEM class basically implicit interpretation concept. /K] 
stands for the stiffness matrix, /U] stands for displacement matrix, and /F7/ stands for load 
matrix. 

[K] [U] = [F] 

It is a system equation consisting of a large matrix that is expressed as a whole system by 
combining the basic equations generated from the individual elements to be analyzed. This 
system equation is created through a combination of the number of elements in the system 
considering contact conditions, boundary conditions, and load conditions, etc. In Implicit, the 
solution is solved by solving the simultaneous equation for each step to find the exact 
solution. The equilibrium state inside the system with respect to external loads must be 
maintained in order to solve the problem. If the system's nonlinearity is high, it may not 
converge and the solution of the simultaneous equations may not be calculated and thus the 
analysis may not be completed. These solutions are unconditionally stable and facilitate 
larger time steps. Despite this advantage, the implicit methods can be extremely time- 


consuming when solving dynamic and nonlinear problems. 
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| Explicit salver 

The explicit solver does not solve the stiffness matrix but solves the solution by substituting 
the value of the previous step into the next step. Therefore, there is no burden of convergence 
because the solution to the system of equations is not solved at each stage and the solution 
may have a different accuracy but a result can be obtained in any way. Therefore, in order to 
increase the accuracy of the analysis, the size of the time step must be reduced to increase the 
accuracy. In other words, the higher the nonlinearity is, the smaller the time step can be to 
obtain meaningful results. To be more precise, the time step in an explicit finite element 
analysis must be less than the Courant time step (1.е., the time taken by a sound wave to 
travel across an element) while implicit analyses have no such limitations. It is the analysis 
engineer who needs to consider the analysis time and the applicability of the analysis result. 
As can be seen from the results of this workshop, the difference between the results of 
implicit and explicit occurs within reasonable accuracy, but the analysis time is two to three 
hours in the case of implicit while a couple of minutes in the explicit analysis. Thus, how to 


solve a problem effectively depends on the engineer's experience and knowledge. 


{ Compare the differences between Implicit Solver and Explicit Solver 


All of these problems are expressed through mathematical partial differential equations 
(PDE's). Implicit is a method of solving the system of equations of the next step (tn +1) 
through the solution of the system of equations of the corresponding step (tn), while explicit 
uses the state of the step (tn) in the next step. The more effective solver should be selected 
according to the FE model. Implicit is excellent in the static load analysis, buckling, spring 
back, and thermal analysis, while the explicit is absolutely excellent high nonlinear collision 
analysis and explosion analysis. For dynamic problems, the matrix equations come down to: 
[M]{x"} + [CIx ) + [K]{x} = (8 


Where ' and '' represent the first and second derivatives. 


= Explicit governing equation 


Xn44 = fs Xs у "EY tn sa) 


[М{х'}+[С]{х}+[К]{Х}={Е} 
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= Implicit governing equation 


Xn+1 = f Gp X, Xi) 9. Enya t, e) 


[MIX +[C}{x}+[K] {x} -(F] 
Calculate x" directly in the system of equations. So, the Inverse of the stiffness matrix 


should be calculated. 


Implicit Explicit 


For each step, the solution to the stiff matrix In case of high nonlinearity, nodal 


System is to be solved. acceleration is calculated directly, so the 
In the case of static load, a very large step computational efficiency is excellent. 
size may be applied compared to explicit. To improve the accuracy of the analysis, 


The system remains stable even when very small-time steps should be applied. 


relatively large step size is applied, which is 
called an unconditionally stable scheme. 


As the system must always be balanced, 


the load or boundary conditions must be 


accurately represented. 
In case of large nonlinearity, not only the 
analysis takes a considerable amount of 


time, but also the error occurs due to the 


Since the inverse matrix is not calculated, 
relatively small memory is used. 

It is suitable for solving the problem of high 
nonlinearity dynamics. 

It is effective for a system having many 
contacts. 

Applied to short-time dynamics problems 


that occur in a short time such as impact 


lack of convergence. and crash analysis 


Applied to the problem of long-time 
phenomenon like static / dynamic behavior 


analysis 


| When to use Explicit or Implicit FEM? 


The explicit analysis offers a faster solution in events where there is a dynamic equilibrium or 
otherwise: Sum of all forces = mass x acceleration. The explicit method should be used when 
the strain rates/velocity is over 10 units/second or 10 m/s respectively. These events can be 
the best example of extreme scenarios such as an automotive crash, ballistic event, or even 


meteor impact. In these cases, the material models do not only need to account for the 
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variation of stress with strain but also the strain rate. On this scale, the strain rates play a 
particularly important contribution. The implicit method should be used when the events are 
much slower and the effects of strain rates are minimal. Once the growth of stress as a 
function of strain can be established, these can be analyzed using implicit methods. In this 
case, one can consider a static equilibrium such that: Sum of all forces = 0. This covers many 


of the most common engineering problems. 


Output files 


The result files produced by LS-DYNA analysis are divided into binary file type and ASCII 
file type. Binary files are data that can be displayed as images during the post-processing of 
Prepost, and ASCII files are output data that can be displayed as graphs by outputting 
numerical data. All can be controlled via the keyword * DATABASE <option>. Results 
from various controls are recorded in the d3hsp file and modeling data and error messages 
are recorded in the message file. The types according to the extension of the output file are as 


follows. 


=  D3PLOT: Binary format data where most of the analysis results contain data. This is the most 
important and large file to check when displaying results in Prepost. 

=  D3DUMP: Binary file that records all data for restart 

=  RUNRSF: Data required for restart, file overwriting the latest data repeatedly. * Restart requires 
either D3DUMP or RUNRSF. 

=  D3DRLF: Database for Dynamic Relaxation 

* Dynamic Relaxation: One of the numerical techniques that lead to an equilibrium state by 
applying initial load and boundary conditions to the target system. In FEM, oscillation such as 
vibration occurs when the initial load is applied to the system, and the process of reaching 
equilibrium with time is called Dynamic Relaxation (DR) in LS-DYNA. 

= D3MEAN: Database for CFD Analysis 

=  |NTFOR: Database of results generated at the contact surface 

= XTFILE: Data about extra time history 

=  DSEIGV: File that modal data is saved when analyzing Eigenvalue 


=  D3CRCK: Results data file for crack growth when using Winfrith concrete model 
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The following shows the meaning of the ASCII result file. There are so many variables that 


I'm not sure at first what to apply, but there are only a few commonly used parameters. 
GLSTAT, MATSUM, RCFORC, and ELOUT are the most frequently used parameters. 


Let's look at the meaning of each parameter and learn one by one according to the type of 


interpretation. 

* GLSTAT (global data) 

* MATSUM (material energies) 

* RCFORC (resultant interface forces) 
* SLEOUT (sliding interface energy) 
* NODOUT (nodal point data) 

* ELOUT (element data) 

* SECFORC (cross section forces) 

* RWFORC (rigid wall forces) 

* SSSTAT (subsystem data) 

* DEFORC (discrete elements) 

* NCFORC (nodal interface forces) 
* DEFGEO (deformed geometry) 

* SPCFORC (SPC reaction forces) 

* NODFOR (nodal force groups) 


* ABSTAT (airbag statistics) 

* BNDOUT (boundary condition force/ energy) 
* RBDOUT (rigid body data) 

* GCEOUT (geometric contact entities) 

* JNTFORC (joint force) 

* SBTOUT (seat belt output) 

* AVSFLT (AVS database) 

* SWFORC (nodal constraint reaction forces) 
* MOVIE 

* MPGS 

* TRHIST (trace particle history) 

* TPRINT (thermal output) 

* SPHOUT (SPH data) 
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Chapter 8. Impact Analysis of Crush Box 
219999989 


| Objectives 

Y Understanding Structural Characteristics of Vehicle Crush Box 
Y Practicing the procedure for modifying elements 

Y Assembling Multiple Parts (* Contact Tied) 


Y Learning the analysis results visualization 
| Duration: 80min 
| Application: Auto, Explicit, Energy absorption 


| Model files 

e W8 CrushBox.bdf: Meshed Nastran format model 

* W8 Initial Crushbox mesh.k: Initial state model (Mesh) 

e W8 SETUP Crushbox.k: Final state model (Normal mesh) 

e W8 SETUP Crushbox.k Refined.k: Final state model (Refine mesh) 
*W8 SETUP Crushbox.k Refined angled.k: Final state model 


(inclined impact) 
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Workshop 8. 
Impact analysis of Crush Box 


| Introduction 


In passenger vehicle design, one of the most significant factors in determining passenger 
safety is the development of the frontal shock absorbing structure. LS-DYNA is widely used 
in the design of such shock absorbing structures. In this exercise, we shall practice the impact 
analysis of the front crush box structure and perform the steps of importing the shape model, 
keyword modeling in LS-Prepost and finally reviewing the analysis results. The crush box of 
a car absorbs the impact energy generated during the impact of the car and serves as a 


structural material to alleviate the impact energy imparted to the chassis or passengers. 


A Тһе ratio of impact direction of vehicle and mounting position of the crush box 
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In general, a crush box can be designed having a rectangular, circular, hexagonal, octagonal 
shape that is mounted on a vehicle. Here the octagonal shape is known to have an excellent 
energy absorption rate. FEM analysis is widely applied for optimal shape design for energy 
absorption and the main energy absorption mechanism absorbs the impact energy by the 
folding mechanism (crumpling) which distorts while undergoing plastic deformation. Various 
shape design elements are applied to create such folding. In this exercise, we will analyze 


using a crush box design in which the bead initiator is designed with an octagon shape. 


Hexagon Octagon 


A Various Crush Box Shapes and Practice Models 


| Import Mesh Model 

If you import the provided Nastran model file 'W8_Crashbox.bdf from Prepost, you will see 
a three-part model with elements as shown below. Although the general unit of mechanical 
components uses the meter system, the following system is used in this workshop: 


= Unit system [mm, kg, ms, kN, GPa, kN-mm] 


Let's look at the imported model. The model consists left and right crush box with a bump 
beam joined together and you can check the section information with the element information 
that is imported together. Of these, only shape information including elements will be used 


and the rest of the modelization will be modeled by generating new keywords in LS-Prepost. 
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1 Part number 
2 Part number 4 
З Part number 


i 294999899 
| — 


A Imported mesh model 


| Divide Element 


This model has meshed with good-quality elements, but we will work further to refine the 
elements that are relatively large in size. A good element is an element having a good aspect 
ratio that does not distort much of the horizontal/vertical axis. 

Use the following option to refine the mesh: 


= Element tools — Element editing — Split/Merge 


Sel. Shells tool box — Pick | Add | By elem — select one element — Apply | Accept 


You can see that one element is divided into four as shown below. In this way, the mesh can 


be further refined. Select the whole to refine the mesh. 


Element Editing 


O Check @ Split/Merge 

O Create O Modify 

© Delete O Direction 

O Composte © Align 
(Show Free Edges 


Split Operation: Shell vi 


"Вок say 
abd A 


A Element splitting 


Sel. Shells tool box — Pick | Area | By elem — Select whole model — Apply | Accept 


* Please note that the entire element of a part should be divided in order to get elemental 
connectivity. Else there shall be a discontinuity between the fine element and the coarser element 


which cause an abrupt change in stress or displacement values 
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A Madel remeshed by element splitting 


| Material Property 

Crush box components are made of stainless steel and are modeled using the MAT24 
MAT PIECEWISE LINEAR PLASTICITY keyword, an elastic-plastic model. It is a 
model that can input the physical properties of the plastic zone in tabular form. If you click 


Plot after input, you can check the input value of the plastic area by the graph. 


= Keyword Manager — MAT | 024-Piecewise linear plasticity — Input properties 


Enter the property values by paying attention to the unit system. Since the unit of stress is 
GPa, enter Young's modulus 200GPa of stainless steel as 200 and the density of 
7850kg/m? as 7.85e-6. A strain is a dimensionless unit, so simply enter its value. 

= Keyword Manager — SECTION | Shell — ID=1, ELFORM=2, SHRF=1, NIP=3, 
T1=T2=T3=T4=1.0 

= Repeat generation of 2 Shell section — SECTION | Shell —ID=2, ELFORM=2, SHRF=1, 
NIP=3, T1=T2=T3=T4=2.0 


ELFORM = 2 is a 4 node Belytschko-Tsay cell model that can be widely used as a general 
structural shell element. NIP is the number of integration points, the number of integration 
points in the shell's thickness direction. 
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*MAT. PIECEWISE LINEAR PLASTICITY. (TITLE) (024) (1) ол PEED NINA Keyra deck ЫЙ LEPEP —— 
ши WT m reis all 
0.6 { 
1 MD RO E PR 56Ү ЕТАМ FAL TDEL T E 
i [7.830-06 [20000000 |[0.2000000 [03660000 |00 07500000 {00 MU EE NE a о о ee um 
26 Р LCSS|e| LcsRe| УР E 05 ИР”, | : 
40000000 ||5.0000000 |0 0 @ у 8 ous гд i | | 
3 ЕР51 EPS2 EPS3 EPS4 — EPSS EPS6 EPS7 ESB о "uu pem emper dees 
0.0 0.0250000 00490000 ||0.0720000 00950000 || 0.1180000 0.1400000 ||0.1820000 04 _ JL Н | : 
7 | Н 
4 ES] Е52 ES3 Е54 Е55 Е56 Е57 Е58 0.35 4 j p 
0.3460000 0.4540000 ||0.5280000 ||0.5570000 ||0.5890000 ||0.6160000 ||0.6310000 || 0.6540000 03 Е ү { | 7 i 1 
a T Ж 
Piot || Raise New Padd 9 005 91 015 
Strain 


A Material Properties (MAT24) setup and plastic region graph 


TITLE 
1 SECID ELFORM — SHRF NIP PROPT OR/IRID'e| ICOMP SETYP 
1 2 3 [1.000000 IE 1 vio 0 «lh Е 
2 Тї T2 T3 T4 NLOC MAREA IDOF EDGS 
2.0000000  |[2.0000000 [2.000000 [20000000 [оо [оо 00 IE 


Repeated Data by Button and List 


A. section properties 


| Boundary Condition 

The boundary condition is as follows : fix the bottom of the crush box and since it collides 
with the rigid plane at 9m / s, The rigid wall velocity movement is set by entering the start 
vector (Tx, Ty, Tz) and the end position (Hx, Hy, Hz) for the plane vector. The size of the 
rigid wall is automatically set by Prepost considering the maximum and minimum size of the 


model. 


= Create Entity — Rigid Wall | Select Cre — Mass = 900, Vo = 9 Input — Done 
= Create Entity — SPC | Select Cre — Select | Pick | By element | Prop, angle = 5 — box 
bottom selection — check X, Y, Z, RX, RY, RZ (111111) — Done 


In the case of the rigid wall for the 45-degree slope collision analysis, it can be created by 


changing the coordinates of the normal vector. 
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@in+NL (ONi-N2 (O3Nds 
Gen OTran ORota 


ORefi 
[T| °| 150| 
"| o] o] 


A Rigid Plane Generation (Frontal impact) 


@1n4+NL ONi-N2 O зма 
беп  QTrmn ORota 
© вей 


ace Оно 
| AutoMerge || Convert NodeTR 
Ceyindrical cs [28 м 


Symplne |дїнф] м 
X Y 7 RX RY RZ 
i" iv iv 
L]Birth 0.0 
Death 1.0Е+20 


NSID 10 || мема | 
ШИКЛЕ: 


[ Aw || Geb || Write 
|Nset 9 (111111) (sub:1) 


A Boundary condition setup 


| Contact Condition 


For contact conditions, it is better to use *Automatic_single_surface when using rigid walls. 
There is no need to set up a separate master surface or slave surface. DYNA automatically 
selects and applies the surface that comes into contact with the rigid wall. 


= Keyword Manager — Automatic single surface selection — SSID, MSID = 0, Friction 


Coefficient FS = FD = 0.08 — Done 
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*CONTACT AUTOMATIC SINGLE SURFACE (ID/TITLE/MPP) (1) 


1 oD TITLE 
' | 
[Г1МРР1 Г1МРР2 
2 IGNORE BUCKET  LCBUCKET NS2TRACK INITITER — PARMAX UNUSED ^ CPARMB 
0 200 3 2 1.0005 lo 
3 UNUSED  CHKSEGS PENSE GRPABLE 
0 10 0 
4 sspe) Ms ss MSTYP SBOXID'e| MBOXID|e| SPR MPR 
p 2 jo vie v [e n ^ xe v 
5 FS ED DC УС voc PENCHK ВТ DT 
[o.0800000 |[00800000 [0.0 [оо [o.o 10 м[00 |[1.000e+20 | 


A Surface contact condition setup 


Select and input Tied_Nodes_to_surface in Contact condition to connect the Bumper beam 
and Crush box. Note that one side must define Node_set and the other side must define 
Segment_set when setting. In order to make a set like this, associate the set part as shown 


below. 


Create Entity — Set Data | Select Cre — Create Set_Node, Set_Segm (see below) — Done 


Keyword Manager — Contact tied nodes to surface — SSTYP = 4 (node set), MSTYP = 4 


(segment set) and select the corresponding set to create 4 conditions — Done 


9 - NODESET(SPC) 9 (nodenum=604 Xsub:1) 


A. Set node and segment setup 


*CONTACT TIED NODES TO SURFACE (ID/TITLE/MPP) (4) 


1 ср TITLE ^ 
[e | | p = 
Link SET_SEGMENT x 
Г]МРР1 L]MPP2 
2 IGNORE BUCKET  LCBUCKET NSZTRACK NITTER PARMAX UNUSED СРАВМВ SEGMENT 
0 200 3 2 1.0005 [0 Ta hin 
I CHKSEGS PENSE — GRPABLE 
0 10 0 
4 Ssm|e|  Msme| 55ТҮР MSTYP SBOXIDe| MBOXIDe| SPR MPR 
© b e o d do x ы 
5 ES FD рс УС VDC PENCHK BT DT 
[o.o 0.0 [о.о Гоо Гоо lo [оо [[1.000е+20 | 
Total Сага: 4 Smallest 10:2 Largest 10: 5 Total deleted card: 0 


A Tie contact setup 
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| Part property 

This step helps to assign the properties and section properties created so far in the Part. 

= Keyword Manager — Part — LBOX and RBOX (T = 1.0 select shell section), Front Bumper 
select T = 2.0 shell section — Apply the same MAT24 


| Analysis setup 

The analysis is requested to generate 30 D3PLOTS for a termination time of 30ms. 

= Keyword Manager — Control | Termination — ENDTIM = 30 

= — ASCII option — Default DT = 0.1 and input GLSTAT, MATSUM, NODOUT, RWFORC 
among various parameters 

= — BINARY D3PLOT — DT = 1 input 

= — BINARY DSTHDT — DT = 0.1 input 

= — KEYWORD — MEMORY = 800000000, NCPU = 4 (enter according to user's environment) 

The generated model is then compared with the provided completed file 

‘W8_SETUP_Crushbox.k’ keyword. There may be a difference between the МАТІР and 

SECID entered by the readers. 


| Analysis result 

Run the analysis and load the result file D3PLOT from the prepost. The D3plot for 30 
frames is created and shows the deformation as shown below. Crush box absorbs a lot of 
impact energy through the crushing process while undergoing plastic deformation. There are 
several design elements to induce this folding. The crush box applied in this exercise can also 


be seen that the compression deformation is caused by rapid folding around the bead initiator. 


A Deformation shape 
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E 


p A j 


Bead initiator Diamond Notch Spheres Plastic fold 


A Folding trigger design factor and compression deformation shape 


If the von mises stress distribution is selected from the post fringe component, the von mises 
stress distribution can be seen as shown below. If you want to check the stress concentration 
area more clearly, you can lower the maximum stress slightly in the Fringe range option to 
more easily identify the areas where the stress is large. In the deformation, the largest 
displacement of 235mm occurred at the center of the bumper beam and the maximum stress 
occurred was 791MPa. 

= Post — Fringe component | Stress | Von mises stress 


= Fringe range — User | Active Part Only | Max = 0.5 


= Post — Fringe component | Ndv | Result displacement 


199998899 9999999 


A Von mises stress distribution and Result displacement 


Care should be taken when analyzing the results. Since the unit of stress is GPa, the result of 
7.91e-1 should be converted to 791MPa and 2.35e42 to 235mm. If you check the energy 
distribution occurring in the whole model, it is distributed as shown in the figure below. The 
total distribution shows the total energy, the internal strain energy which gradually increases 
in the number and the kinetic energy, decreasing gradually. The energy absorption effect of 
the target structure of the collision analysis can be analyzed through the energy distribution. 


In general, the graph is displayed with a black background. If you select Attribute — Invert 
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at the bottom of the plot, you can get a plot with a white background. This is an easy option 
when printing. 


= History — Global | Select all Kinetic, Internal, Total energy — Plot 
LS-DYNA keyword deck by LS-PrePost 
| Do 1 


Global Data (E+3) 


A Kinetic, Total, Internal energy distribution 


The impact load on the rigid wall can be checked by plotting the data by using the ASCII 
option. In addition, if the timeline is selected from the bottom menu of the plot, the frame 
showing the deformation of the fringe plot and the frame of the graph can be synchronized 


and analyzed. 


= ASCII — RWFORC | Load — Wall | Plot after selecting normal force 
LS-DYNA keyword deck by LS-PrePost 


Normal Force 


A Load and RGFÜRE Distribution due to Rigid Wall Impact 
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Create a model for the side collision and then analyze and compare the data with a normal 
impact. The figure below shows the analysis results and energy distribution of the side impact 
model. Compare the data below with forward collision data and think about the differences 


that are occurring. 


LS-DYNA keyword deck by LS-PrePost 


AA QGaAraassg 


A Von mises stress distribution and energy distribution in side-impact conditions 


LS-DYNA keyword deck by LS-PrePost 
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A Load and REFÜRE distribution due ta rigid wall impact (front side collision condition) 


So far, we have analyzed the impact-absorbing behavior of the automobile crush box for two 
collision conditions. Currently, the octagonal crush box shape and the bead initiator design 
are known to be superior to other shapes with different effects on shock absorption. Using 
this exercise model to design a more optimized system would be a good learning experience. 
Recently, in order to obtain a better shock absorbing effect while maintaining a lightweight, it 


is often manufactured by filling a cellular foam such as urethane foam or sponge inside. 
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Chapter B. Penetration Analysis of Missile Projectile 


| Objectives 
Y Understanding the Concrete Property Model 
Y Modeling Element Erosion Due to Penetration 


Y Setting up two-way contact and self contact 
| Duration: 60min 

| Application: Defense, Explicit, Penetration 

| Model files 


* W9 Initial Mesh.k: Initial state model (Mesh model) 
*W9 SETUP MSLProjectile.k: Final state model 
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Workshop 9. 
Projectile Penetration Analysis of Concrete Wall 


i Introduction 


The design of a protection structure against high-speed impact shocks is one of the most 
important factors for various security facilities. In this analysis, the most widely used 
protection structure made up of concrete material which is applied to a condition in which the 
missile type projectile collides at a speed of several hundred km/h. The design of such a 
protective structure for key facilities and important persons has received much attention since 
the 9/11 terrorist attacks. In particular, penetration analysis of concrete structures caused by 


aircraft or automobiles can be found in recent many papers. 


A High-Speed Impact Analysis of Missiles on Concrete Structures 


A Impact Analysis of Concrete Structures (Cases) 
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If you open the provided DYNA model file 'W9 Initial Mesh.k' in the Prepost, the dome- 
shaped structure and the missile-type projectile will appear in the Prepost as shown below. 


The unit system is MKS and is as follows. 
* Unit system [m, kg, sec, N, Pa] 


Since DYNA uses a wide variety of unit systems depending on the model, it is necessary to 
refer to the chart below to set up the proper unit system. It is not easy to check which unit 
system with an analysis model performed by another department. Most models of DYNA 
include density, so we can infer the units of this density. For steel materials, if the density is 
entered as 7830, it means the meter unit is likely to be used and if it is entered as 7.83e-3, 
the unit of mm is likely to be used. In this case, additional units such as modulus or velocity 
should be checked. Please refer to the Appendix for a detailed description of the Unit 


Steel Steel Gravity 
ENERGY | Density | Modulus pd 


| Pa | Joule | 7.83E«03 
[ Gps | kumm | 7.836-06 | 2.07102 | 9.81603 | 


System. 


1e7 N- 
| sem | мы | em | nsae00| zoresoo| зве 
| g | mm | s | ieoen| ра | 1e9) | 783E03| 2.07E+11| 9.816403 | 
[ e | mm | m | n | Mes | ттт | 7.83608 | 2.07e+05| 9.81608 | 


Cion | mm | s | | Mpa | nmm | 7.8309 | 2076005] saos. 


Ibf- 


ae se a ra [asem] aao] m3 _ 


A Imported Dome Structure and Missile Projectile Mesh Models 
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Let's take a look at the models imported as parts 3 and 4. Reinforcement structures are 
designed in the circumferential direction of the 7/4 dome-shaped protective structure. The 
high-speed impact body is shaped like a typical missile that is hollow inside. The element 
uses a typical Hexa element and the total number of elements uses 28.5k for protective 


structure and 1.3k for the missile part. Basic information on parts can be found in Part Data. 


© 
Ш ` Part data — show | select part to measure 


| Material Property 

Concrete is a major material that appears very often as an analysis subject. Therefore, it is 
very important to understand the property model for concrete materials. LS-DYNA has three 
representative concrete material models. These concrete models will be discussed in detail 
later in the coming pages. 

The material model for concrete used in this analysis is MAT159 MAT CSCM Concrete. 
The MAT159 concrete model was developed in the 1990s and has been applied to many 
studies for a while and has been applied to LS-DYNA since 2005. This material model 
consists of relatively simple equations and has the advantage of effectively modeling the 
damage of concrete with Continuous Surface Cap Material (CSCM). However, the effect on 
the strain rate has a disadvantage that a relatively similar result can be obtained only through 
the calibration procedure. Refer to the figure below for the input values of the MAT159 
property model. MAT000 ADD EROSION is modeled together to apply the function of 
element erosion of concrete material, that is, the option is evoked to remove the element from 


the model so that it no longer maintains rigidity. 


= Keyword Manager — MAT | 024-Piecewise linear plasticity — input properties 


*MAT, CSCM CONCRETE (TITLE) (159) (1) 


TITLE 
concreteCSCM 
1 MID RO NPLOT INCRE IRATE ERODE RECOV ITRETRC 
k " [23200000 |2 „00 1 „ 11. 1000000 100000000 |0 
2 PRED 
0.0 
3 FPC DAGG UNITS 


3.044е+07 25 400000 4 


A МАТІ59 Material Properties 
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The unit system applied in this workshop tutorial is the meter system. You must select 4 for 
UNITS on the last line. RO has a density of 2320 kg / m? and NPLOT - 2 implies both brittle 
and ductile damage. If ERODE is less than 1, no element removal will be applied. If the 
damage is independent of strain, enter 1. FPC is the compressive strength of 30.44 MPa, 
DAGG is the size of particles in the concrete structure. 


MAT ADD EROSION is a property keyword that removes an element from the calculation 
when it exceeds the failure criteria as the analysis proceeds. Enter the ID of the property 
model (MAT159 concrete) to apply to MID. Two failure criteria (MXPRES, SIGVM) were 
applied to physical properties. Enter the maximum pressure at the break as 150 MPa and the 
von Mises stress of 110 MPa as shown below. NCS = 1 means erosion occurs if only one 
criterion is met. If 2 is entered, breakage occurs when both failure conditions are satisfied. In 


addition, various stress-based and strain-based criteria can be applied. 


*MAT ADD EROSION (TITLE) (000) (1) 


! MID* EXCL MXPRES ММЕРЅ5 EFFEPS VOLEPS — NUMFIP NCS 
lk 00 1500e«08 [оо [0.0 00 [10000000 [10000000 
00 00 1100e«08 [оо 0.0 0.0 [T] [оо 
3 IDAM DMGTYP  LCSDG*  ECRIT* — DMGEXP DCRIT FADEXP* LCREGD ® 
0 00 [o | 10000000 |00 [10 Јо 
«саре . EPSTHIN — ENGCRT — RADCRI 
0 0 00 0.0 0.0 


A. MATODO ADD ЕВОЗІОМ setup 


Next, enter the commonly used MAT24 properties to the missile's metal exterior, referring to 
the figure below. Physical material properties were set based on aluminum. The density was 
largely set in consideration of various warheads and propellants inside the missile. In this 
analysis, plastic deformation does not need to be entered because deformation in the plastic 


zone is not considered. Breakage criteria were set to occur when strain exceeded 0.0015. 


*MAT. PIECEWISE LINEAR, PLASTICITY (TITLE) (024) (1) 


RO E PR SIGY ETAN FAIL IDEL 
[2250e«04 — |7200e«10 |03300000 |5000е+08 1200e«10 — |00015000 [00 

р Less. LCSR * VP 

[оо fo 0 loo 

EPS2 EPS3 EPS4 EPSS EPS6 EPS7 ЕР58 


loo |00 00 00 190 00 0.0 


A MAT24 PIECEWISE LINEAR PLASTICITY setup 


gj | ГЕ E 
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| Boundary Condition 


Fixation is applied on both the bottom and side of the Dome structure. The high-speed impact 


body was velocity is set to impact at a slope of about 40 degrees at VY = -64 m/s and VZ = - 
50 m/s. 


= Create Entity — SPC | Cre — Select | Pick | By element | Prop, angle=5 — select Dome 


bottom and side surfaces — check X, Y, Z, RX, RY, RZ (111111) — Done 


@ Show О се (OMod (Del 
Label: None E 
Set Node 
| Auto Merge Convert NodeTR 
C ical CS 7 
Sym plane — AlFs[111111] 


A Boundary condition, SPC setup 


= Keyword Manager > Initial | Velocity Generation — see below image, Enter the part ID as 


the missile part id 


“INITIAL VELOCITY GENERATION (1) 


1 NSID/PID *. STYP OMEGA УХ vy у? IVATN 11р 
[k _j2 0.0 0.0 [-54000000 —|-50000000 |0 “(0 

2 XC ҮС 2С NX NY NZ PHASE IRIGID 
00 [0.0 Joo [0.0 [оо [оо 0 v [0 


A Initial Velocity setup 


| Contact Condition 


For the contact condition of the dome structure and missile, apply *Contact_eroding_ 
surface to surface as shown below to invoke the element's bidirectional erosion. Master 
and Slave surfaces are set by Part ID and missiles are set to Master and protective structures 
are set to Slave. Note that 1 must be entered in EROSOP. Note that if you do not enter 1, 
element erosion will occur only at the exterior surface of the initial impact and no contact at 


the internal elements will occur. 


= Keyword Manager — Contact | *Contact eroding surface to surface — see image 
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*CONTACT, ERODING, SURFACE. TO SURFACE (ID/TITLE/MPP) (THERMAL) (1) 


1 CID TITLE 

1 Il 

L]MPP1 [L]1MPP2 
2 Г ARMA f 
0 

3 il 
4 SSID* MSID * SSTYP MSTYP SBOXID*  MBOXID* SPR MPR 

3 E 3 v3 0 |0 _ 0 v0 v 
5 ES FD DC МС VDC PENCHK BT DT 

00 [оо 00 00 00 lo v [0.0 1 000е+20 
6 SFS SEM SST MST SEST SEMT ESE VSF 

10000000 [1000000 [00 [00 [10000000 — |1 0000000 10000000 1.0000000 
7 ISYM EROSOP ЈАрЈ 

0 v1 “0 v 


A Surface contact setup 


In case of structural damage due to such impact, self-contact may occur, so set the self- 
contact condition on the dome structure or missile structure. For applying self-contact, use 
the * Contact_automatic_single_surface keyword. Although it has a bidirectional contact 
type, if all master surfaces are set to 0, self-contact occurs only on the slave surface, so set the 


dome structure (SSID = 3) as a slave as shown below. 


*CONTACT AUTOMATIC SINGLE SURFACE (ID/TITLE/MPP) (1) 


1 CID TITLE 
a | 
[JMPP1 (J mpp2 
2 NITI ! 
0 
3 uU 
4 SSID'* MSID'* SSTYP MSTYP SBOXID*  MBOXID* SPR MPR 
3 [o 3 ~ 0 » [0 lo lo ~ 0 v 
5 FS ED Dc ҰС Урс PENCHK ВТ DT 
0.3000000 00 [0.0 0.0 0.0 lo “|00 1.000е+20 
10000000 [10000000 оо 00 10000000 — 1.000000 1.000000 |1.0000000 


A. Self contact condition setup 


| Section and Part Setup 


In the model consisting of solid elements, all sections are of * Section_Solid and Elform = 0 


is applied. The section is set up like this and input the Part property of the model. 


*SECTION SOLID (TITLE) (1) 


= Keyword Manager — Part — Enter Material ID and Section ID for Missile and Dome 


Structure 
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| Analysis step 


The analysis is set up to generate 40 D3PLOTS in about 0.01 sec. 


Keyword Manager — Control | Termination — ENDTIM = 0.01 

— ASCII option — Default DT=0.002, select GLSTAT, MATSUM, NODOUT, RWFORC 
— BINARY D3PLOT — DT=40 

— BINARY D3THDT — DT=40 

— KEYWORD — MEMORY=800000000, NCPU=4 (if your PC has 4 CPU) 

— ENERGY — HGEN=2, RWEN=2, SLNTEN=2, RYLEN=1 

— KEYWORD — MEMORY=800000000, NCPU=4 (if your PC has 4 CPU) 


If you have completed this step, the keyword generation for modeling is complete. Let's open 


the Keyword Manager and check the generated keywords. The following keyword should 


have been created: 


Name Count DEFINE 1 


BOUNDARY 
SPC_SET 
CONTACT 
AUTOMATIC_SINGLE SURFACE 
ERODING_SURFACE_TO_SURFACE 
CONTROL 
ENERGY 
OUTPUT 
TERMINATION 
DATABASE 
ASCII option 
BINARY D3PLOT 
BINARY. D3THDT 


COORDINATE SYSTEM 
ELEMENT 

SOLID 
INITIAL 

VELOCITY GENERATION 


$-KEYWORD 


MAT 
000-ADD EROSION 
024-PIECEWISE LINEAR PLASTICITY 
159-CSCM, CONCRETE 


® NODE 


PART 
PART 

SECTION 
SOLID 


$-SET 


29815 


9 TITLE 1 


A Generated keyword 


This is the final stage of FEM modeling. Compare the generated keyword with the provided 
keyword ‘W9_SETUP_MSLProjectile.k’ to check the differences, make corrections and save 
your .k file. Run the analysis and load the result file D3PLOT from the Prepost. A d3plot for 


40 frames has been created and you will see the collision as shown below. 
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0.002 sec 0.004 sec 0.006 sec 


0.008 sec 0.010 sec 


A Impact process 


You can see how the concrete barrier is penetrated as the element is removed due to the 
missile collision. This phenomenon can be visualized because element erosion was included 
in the keyword model. Without element erosion, abnormal deformations of the element could 
be observed, or the results could be in the form of a missile penetrating without imparting any 
damage. The figure below shows the parts by which the element was removed beyond the 


damage criteria. 


gee gee nee.) 


A Element erosion site 


Use the post-processing function to check the stress level in the region of the collision area. If 
you check the stress level by setting the Fringe range area as the damage criterion Max = 


110MPa, you can see that the stress level of the concrete wall exceeds 110MPa from the 
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beginning of the impact as shown below. It is the time when the element failure occurs with 


the collision. 


= Post Fringe component | Stress | Pressure or Von mises stress 


= Fringe range — User | Entire Model | Minz0, Max=1.1e7 


© Dynamic O Static 
@ User O Show 
@ Entire Model 
© Active Parts Only 
С) Active Elements Only 
Min: 9 
Max: 1.1e7 
Report 


A Pressure distribution 


The figure below shows the von Mises stress distribution by component. It can be seen that 


during the initial impact, the dome circumferential reinforcement structure supports much of 


the stress. 


A Van Mises stress distribution 


Let's check the kinetic energy of the missile part in history. As shown in the figure below, the 


kinetic energy shows a tendency to decrease rapidly during the penetrating process after the 


initial collision and then to be maintained. 


= History — Part | Sel. Part, select missile, by part | Kinetic energy — Plot 
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A Kinetic energy distribution of missiles 


The impact load on the concrete wall can be checked by plotting the data using the ASCII 
option. In addition to this, let's compare the strain, total energy, and stress distribution at the 


node of a specific part with various collision processes. 


* ASCII — RWFORC | Load — 51-1 | Resultant force — plot 


0.6 LS-DYNA keyword deck by LS-PrePost 


e e e 
ә a a 
| | 


Resultant Force (E+6) 
№ 
+ 


Time (E-03) 
A Impact load ROFORC distribution an the barrier 
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Knowledge 


Understanding of Concrete Property Model 

Concrete is one of the most widely used materials for modern structures, buildings, and 
infrastructure. LS-DYNA offers a variety of concrete models. The analysis of structural 
materials and facilities using concrete is also a common task in industrial fields or in schools. 
Therefore, a general explanation will be given to those who have a lack of understanding of 
concrete structures. The DYNA version covered in this book is R-970, so if there is a 
difference between the textbook, please check your installed version. The characteristics to be 
dealt with in general concrete models include elastic behavior, softening, shear dilation and 
strain rate effect. There are three representative concrete models. Most concrete structures are 
in the form of Reinforced Concrete (RC) with steel beams inside. The proper model should 
be established by accurately identifying these characteristics and whether the environment to 
be analyzed is quasi-static, blast, or impact loads. Using a validated model to predict realistic 
dynamic behavior is an important factor for both industrial engineers and academic activities 


in schools. 


* MAT072 (KCC) MAT Concrete Damage 
e MAT084 (Winfrith) Mat Winfrith Concrete 
* MAT159 (CSCM) Mat CSCM Concrete 


In addition, there are many different models, each with its own particular features. The 
typical models listed above have been validated by various experiments and studies and 
another important advantage is that they are relatively simple. The material characteristics of 
concrete are quite different from those of metals. Concrete is strongly influenced by its 
behavior depending on the pressure applied. Yield strength (Yield, Y) of the material is 
expressed by the following formula. I; means 1st invariant of stress tensor and J2 and J3 mean 
second and third deviatoric stress tensors, respectively. For a detailed explanation of the 


concepts used in solid mechanics, please check the solid mechanics textbook if necessary. 


Y (4.J,.J,)-0 


In general, various models of concrete are classified according to how they simulate 


deviatoric or volumetric behavior. 
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* MAT072 (KCC) MAT Concrete Damage 

MAT072, also known as the KCC model, is an abbreviation of Karagozianr & Case 
Concrete. It was developed for an explosion or impact analysis of RC concrete and was 
applied to DYNA in 2004. Just enter a few simple compressive strengths and densities to 
compute similar parameters using your own algorithm. Readers who wish to use in academic 
research should refer to the manual on the verification of physical property models. The KCC 
model is constructed with three independent strength planes. i — y, m, r are expressed as yield 
strength surface, maximum strength surface and residual strength surface, respectively. P — -I 
/ 3 means pressure. These variables are obtained through tests, and the governing equations of 
the property model are expressed based on these test values. 


P 
ay t ap 


F(p)-ay- 


More complex theoretical explanations are beyond the scope of this book, so I hope you will 
gain a theoretical background through individual learning. Please understand that this model 


is suitable for impact or explosion analysis of general concrete structures. 


e MATO084 (Winfrith) Mat Winfrith Concrete 

Winfirith's concrete model was developed in the 1980s and included in DYNA in 1991, 
which is widely used for general analysis. Although not as simple as the KCC model, it is a 
model that can easily input complex concrete material properties. Another advantage is that 
crack analysis can be performed in three directions per element and the analysis results can 
be confirmed in the prepost. It was mainly developed for the analysis of crack initiation 
during impact analysis of RC concrete. The governing equation is composed of four variables 
as below and the variables can be calculated by correlation of tensile strength and 


compressive strength. 
Y(4.J,.J,)- aJ, + AH +b —1 


The figure^ below shows the differences and characteristics of each model as a result of 


analyzing the impact of three concrete models on the same projectile. 
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8 


8 


Velocityimmirsec} 


d o H 5B B B8 


— Test Recitual 

= мато? 

— мати 

— MTS 1.5m x 1.5m RC slab 
5 


Плата) (а) Model 


e 
& 
$ 


^ 


(a) МАТО72 (b) MAT084 (c) MAT159 


= MAT159 (CSCM) Mat CSCM Concrete 

The most recently developed model, which was applied in this analysis, was included in 
DYNA 2005. As an update to the KCC model, this model automatically calculates related 
factors with a few simple parameters. Thus, MAT159 is one of the widely applied models for 
a concrete structure. The verification of the model can be found in the reference paper. The 
governing equation is as follows and the yielding behavior is defined by three stress 


invariants. Readers who want to understand theoretically should check the reference paper. 


Y(4.4,.4,) =F —R(J; ) F; (4 ЈЕ. (Д.к) 


The three concrete properties models have been briefly examined and the properties of the 


MAT159 model applied in this analysis are attached. 
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$5$5$$$$$$55555$$$$$$$55555$$$$$$$5555$$$$$$$$5555$$$$$$$555555$$$$$$$5555$$$$ 
$$$$ MAT159 CSM Concrete Properties 
$$$$$$5$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$5$$$$$$$$$$$$$$$$$$$$$$5$$$$$$$$$$$$$ 
*MAT CSCM CONCRETE TITLE 

Concrete CSCM 

$24 mid ro nplot incre irate erode recov itretrc 

4 2320.0 2 00 1 1.1 10.0 0 


$# fpc dagg units 
3.044000E7 0.0254 4 


^ Y. Wu, J E. Crawford, J M. Magallas “Performance of LS-DYNA Concrete Constitutive Models", 12" 
International LS-DYNA User Conference 
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— 10. 20 Wing CFD Analysis with IGFD ame 


ee eT a Был " -- 
— "Mr e E "01. 


4.825e*01 _ 
3.860е+01 _ 
2.895е+01 _ 
1.930е+01 _ 
9.649e*00 _ 
0.000е+00 _ 


| Objectives 

Y Learn how to use ICFD Solver 

Y Practice how to create Volume Mesh 

Y Get used їо CFD modeling procedure 

Y Results visualization of 2D Wing(Flap down) CFD Analysis 


[ Duration: 80min 

| Application: Aerospace, ICFD, 2D Wing Analysis 
| Model files 

e W10 Wing Profile.k: Initial state model 


*W10 INITIAL Wing Mesh.k: Initial state model 
*W10 SETUP 2Dwing.k: Final state model 
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i Introduction ICFD 


Incompressible Computational Fluid Dynamics (ICFD), which has been available since the 
release of the R7 version of LS-DYNA, is a solver for the simulating incompressible CFD 
problems. In various industries, it is particularly applicable to the problems of fluids that are 
related to land vehicles, subsonic aircraft, marine structures, and ships. Although only fluid- 
related analysis is possible, it has recently been applied to solve a fluid-structure interaction 
(FSI) problem, which is an interlocking analysis with a structure. Previously, according to the 
FEM classification of CFD and structural analysis were different and even the Engineering 
graduate departments and various curriculums were organized based on this. However, in 
recent industrial fields, multiphysics analysis that combines both fields, including thermal 
mechanics, is widely applied. Therefore, to be a competent engineer, you need to understand 


various fields. 


A Various CFD Analysis Case’ 


Basically, the ICFD solver of LS-DYNA does not provide many functions compared to other 
CFD dedicated analysis programs. The ICFD solver is a FEM based implicit solver for 
incompressible fluids. Most popular CFD analysis programs use the finite difference method 
(FDM) or finite volume method (FVM). 

Basically, the fluids fields covered in the CFD domain are as follows. The area which is not 
provided by LS-DYNA is the Compressible flow area and the basic turbulence model is 
provided in the LS-DYNA. In addition, it provides Volume Mesh function, which is the core 
function in the CFD field and provides interworking analysis functions with other solvers. 
Another major function is the boundary layer mesh function. It can be very useful in the 
analysis of the behavior where the shear stress on the surface is important. This feature will 


be used in this practice model. 


"Image courtesy of ANSYS conference proceedings 
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Fluid Mechanics 


Compressible Incompressible Internal External 
(Air, Acoustic) (Water) (Pipe, Valve) (Airfoil, Ship) 


A LED categorization 


One of the main uses of ICFD provided by LS-DYNA is not only to solve the Navier Stokes 
application but also to solve the problem of a fully coupled fluid-structure interaction with the 
Lagrangian model. Both implicit and explicit solvers in the field of structural analysis can be 
integrated with ICFD. The ability to send and receive stresses and displacements to each 
other in one direction or in both directions is provided. 

One of the main parameters that define the characteristics of a fluid is the Reynolds Number. 
The Reynolds number can be calculated by the formula from the density of the fluid, the size 
of the structural material and the size of the dynamic viscosity. In general, it is known that 


turbulence starts to form from 150 and above and complete turbulence occurs at 300 or more. 


Ros. 
И р 
Where: 
v — Velocity ofthe fluid 
] = The characteritics length, the chord width of an airfoil 
p — The density ofthe fluid 
н = The dynamic viscosity of the fluid 
v — The kinematic viscosity of the fluid 


Selecting an appropriate turbulence model in CFD analysis is a very important factor in 
modeling the vortices occurring in the flow. Representative RANS and LES models are 
available from DYNA. In addition, the ICFD solver enables heat transfer analysis and non- 
Newtonian fluid analysis so that the basic fluid analysis functions can be solved with one 


DYNA solver. It can be said to provide enough functions as a multiphysics analysis program. 
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Workshop 10. 
2D Wing Airfoil (Flap down) CFD Analysis 


Introduction 

The most important structure in an aircraft is the wings and the cross-section of the wing is 
called Airfoil, which is the key mechanism to help generate lift and helps the aircraft to fly. 
In this exercise, we will analyze the airflow of a 2D airfoil with a flap by using an ICFD 
solver. We will proceed fluid analysis at 50m/s speed after down the flap attached to the wing 
with a 3.5m wing cord. Basically, because the Reynolds number is very large, turbulence is 
formed and the condition in the analysis is to raise the angle of attack for landing by lifting 


the flap or lowering the flap. 


Upper surface 


x| Chord line 
X] 


Lower surface 


Cambered aerofoil 


m. — 


A 


A Pressure distribution analysis result of 2D wing airfoil with flap down 


The following figure shows the result of plotting the analysis result of the velocity as a vector. 
With a high angle of attack and a flap down, the air is flowing at a rate of 50 m/s. Therefore, 
it can be seen that since the separation of the airflow occurs after the upper surface-specific 
point, turbulence is formed. The 2D Wing airfoil analysis itself using ICFD is not very 


complicated. Although ICFD solver provides a good volume mesh creation, user convenience 
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is a little lower, so if there is a preprocessor that is used mainly by a user, using it is a good 


way for achieving effective modeling. 


A Velocity distribution result of 2D wing airfoil with flap down 


The 2D Wing Airfoil modeling procedure for ICFD analysis can be summarized as follows. 


* Create Geometry 

* Boundary Element generation — MS Mesh Conversion 

* ICFD analysis setup (Boundary condition, flow velocity, material/Section assignment) 
* ICFD Mesh generation (Boundary mesh generation, Volume Mesh generation) 


* Database Setup 


i Import Mesh Model 

Import the model W10 INITIAL Wing Mesh.k for flow analysis. Basically, the FEM mesh 
used in structural analysis and the solver mesh used in ICFD has different characteristics. 
Therefore, after creating FEM geometry and boundary mesh at the edge/curve, it needs to 
switch from LS-Prepost to MS (Multi-Solver) Mesh. The imported mesh model is a model 
that has gone through the MS process and then generates an ICEM keyword. When the model 
is imported, the volume mesh is not created as shown in the figure below, but the mesh is 


created only on the profile lines. The unit of the model is the MKS system. 


* Unit: Meter, sec, kg, N, Pa 
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A Imported Mesh model 


| Mesh Generation 

First, import the generated geometry model (W10 Wing Profile.stp). After importing, a 
model with a wing profile inside the 10m x 6m rectangle will be displayed, as shown in the 
following figure. 

= File — Import | Step file — select model — Option | meter, 1.0 — Ok 

= Element and Mesh — Element Generation — Beam, Beam by = Curve, Num=20 — select 


front Curve, PID=1 — Ok (create element on edge) 


[ | Element Generation x 


@Beam  (QShel O Solid 


[New ED | 
Pick PID 
1] New pm | 


A Beam element generation 


If the beam element is created on every curve and Part ID is set, this structural FEM mesh 
should be converted to Multi-Solver Mesh which is recognized by ICFD solver. Save this 
file as WI0 Wing mesh.k after converting it to MS mesh. When you load this file, you will 
see a model that looks like the previously created mesh. The volume mesh is automatically 


generated by the ICFD solver which is based on the existing beam elements during the 
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analysis process. The disadvantage is that the generated grid cannot be modified during the 


modeling process. 


= Elem and Mesh — MSMesh | Mesh to MS mesh, check Delete-, Start IDz1 — select Edge — 
Apply 


MSMesh x 


(€) Mesh to MS mesh (©) MS mesh to Mesh 


EZ] Delete old Part, Element and Node 


Starting PID 
Starting EID 


Starting NID 


Reject Accept 


A Multi-Salver mesh 


| Material Property 


The * ICFD_MAT keyword is created to specify the properties of the fluid domain. Enter 
1.225 kg/m? air density and 1.810e-5 kg/(ms) kinematic viscosity. 


= Keyword Manager — ICFD MAT — Input material property 
*|CFD MAT (TITLE) (1) 


TITLE 

| | 
1 MID FLG RO VIS ST 

h [ | 12250000 [t810e-05 [00 | 


ПА ОАВ 


| Element Property 
Set the section of the fluid section to * ICFD SECTION. There is no separate input 


variable. 


= Keyword Manager — ICFD SECTION — Accept 


| Part Property 


Set the section and mat to four parts with MS Mesh set up (inlet = PIDI, outlet = PID2, up / 
bottom edge = PID3, wing profile = PID4). 


= Keyword Manager — ICFD Part (1,2,3,4), SECID=1, МАТ=1 ©! — Accept 
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*ICFD PART (TITLE) (4) 


All four parts are selected through ICFD Part Vol to set the volume of the fluid domain. 
= Keyword Manager — ICFD Part Vol — select 4 parts, insert —^Accept 


*|CFD PART VOL (TITLE) (1) 


TITLE 
PID SECDe| MiDe 

5 1 1 

керене Pete by Button endet - - 
SPIDi'e| 5Р2!) sSPiD3|*| 5Р4] sPIDS|e| sPIDG| SPID7*| SPID8le 
1 2 3 4 0 0 0 0 
ЕГ ШЕШИНЕ ИНИНЕН Кээ... 


| Boundary Condition 


Set the boundary condition at the edge of each part as shown below. Velocity and pressure, 


the basic data for setting boundary conditions, are created through Define_Curve. The initial 


velocity of the fluid entering the inlet is maintained at 50m/s for the analysis time and two 


curves are generated so that the outlet pressure is continuously zero. 


= Keyword Manager — Define Curve — Input A1 and Q1 for velocity and pressure (see 


image) 
*DEFINE CURVE (TITLE) (2) "DEFINE CURVE (TITLE (2) 

TITLE TITLE 

Vel inlet Pressure outlet 
LCID SIDR SFA SFO OFFA OFFO DATTYP 1С LCD SIDR SFA SFO OFFA OFFO DATTYP LCI 
h rj ~ [1лоооооо |/1.0000000 [00 0.0 0 Ҹо [2 |0 w |[1.0000000 ||1.ооооооо [0.0 0.0 0 v [o 
Repeated Data by Button and List Repeated | Data by Button 'and List 
Al 01 А 01 

0 500 00 00 
[1 00500] j | E orn Load XVData | 
2 1.0500 Data ped Load XYData | EDT) ata | | Load ура 

- - T — ies iu] mE 


Up boundary-free slip 


ees 


Profile=No slip 


outlet 

Inlet Pressure=0 
Vx=50m/s 

Vy=0 


Bottom boundary-ftree slip 


А CFD model boundary condition 
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The next step is to set the boundary conditions using the defined curves. Set Vx = 50 m/s 


and Vy = 0 m/s for the inlet part with a pressure = 0 for the outlet part. 


= Keyword Manager — ICFD Boundary Prescribed Vel — PID=1, DOF=1(x axis), VAD=1, 


LCID= velocity curve — Accept 
= Keyword Manager — ICFD Boundary Prescribed Vel — PID=1, DOF=2(y axis), VAD=1, 


LCID= pressure curve — Accept (Vy=0) 
= Keyword Manager — ICFD Boundary Prescribed Pressure — PID=2, LCID= pressure 


curve — Accept 


*ICFD BOUNDARY PRESCRIBED VEL (2) 


Repeated Data by Button and List 


PD DOF VAD LCD. SE уре DEATH BIRTH 
1 1 vit v1 1.0 0 


1.00000Е28 0.0 


DataPt. 1 


Replace Insert 


Delete Help 


*|CFD BOUNDARY PRESCRIBED РКЕ (1) 


Repeated Data by Button and List 
PIDe LCID e SE DEATH BIRTH 


[E [2 1.0 | 1.00000E28 || 0.0 


DataPt. 1 


A Initial Boundary Condition setup for ICFD model 


Set Freeslip condition on the upper and lower boundary and Nonslip condition on Wing 


Profile itself. 
= Keyword Manager — ICFD_Boundary_Prescribed_Freeslip— PID=3 — Accept 


= Keyword Manager — ICFD Boundary Prescribed Nonslip— PID=4 — Accept 


| Volume Mesh 


In order to create the volume mesh of the fluid domain, the ICFD solver selects four existing 
parts as follows. The element layer generation of the boundary layer can be set by * 
Mesh_BL. If three layers are set, three-element layers are created on the interface as shown 


in the figure below, so it is easy to analyze the fluid behavior on the interface. 


= Keyword Manager — Mesh Volume — select 4 part, insert — Accept 


= Keyword Manager — Mesh BL — NELTH=3 — Accept 
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*MESH VOLUME (1) 


.VOLID 

П] 

Repeated Data by Button and List 

PIDie!  PID2e  FPI3e| pide)  PISe pipe) poze РІ 


Ek hp ph php P] 


КИШИНИН ЕШ ee 


"MESH BL (1) 


sz Data by Button and List 
NELTH BLTH 


паша a= 
та Q0 Q0 о е 
A Boundary Layer setup for ІСЕО model 


Boundary Layer =3 


140 | Part B. CIO 


Chapter 10. 2D Wing CFD Analysis 


| Analysis Condition 

Since the analysis time is 0.005sec, enter Termination = 0.005 and set the d3plot and ASCII 
data extraction settings at 5e-5 intervals in the output database. In the case of nonlinear 
analysis such as Bird collision, the input of Bulk Viscosity can improve the analysis 
efficiency. Input Quadratic coefficient (Q1) and Linear coefficient (Q2) of Viscosity, 


respectively. 


= Database | Binary D3PLOT — DT=0.1 — Accept 

= |СЕЮ Control Time | TTM=1 — Accept 

= |СЕЮ Control Output | MSGL=4, LSPPOUT=1 — Accept 
= |СЕЮ Database Drag | PID=4 — Accept 


This concludes the analysis modeling of 2D Wing Airfoil for the ICFD solver. Save the 
completed model as W10 SETUP 2DWing.k and run the analysis. When interpreting ICFD, 
you must return the interpretation with double precision. If you are a student using the 
Command window, you can use the following keywords. Readers using the Run LS-DYNA 


tool run the solver by selecting a double-precision solver with d. 


>> LSDYNA -dp i-w10 SETUP 2DWing.k 
In general, double precision takes 3096 longer than single precision. Since this exercise model 
is a 2D model, it will take about 10 to 11 hours to analyze in a good PC system or 


workstation. 


| Result Visualization 

Load D3plot into Prepost. You can check the mesh of the fluid region created by the ICFD 
solver as shown below. In this workshop, we used a relatively large mesh, but it may be a 
good idea to analysis it with a finer mesh and see what would be the difference in the results. 
On the left side, you can see the post-processing option for the multi-solver called MS Post, 
and inside you will see the MS Beam and MS Shell elements created during the modeling 


process. 
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File Misc. View Geometry FEM Application Settings Help 
Solutions | MS Post 
Objects 
S-E] Model 
59-91 MS BEAM GROUP 
W MS ВЕАМ 1 


n> 299899899 


00,7 MS ВЕАМ 2 
Wi MS ВЕАМ 3 
4 MS BEAM 4 
B-E MS SHELL. GROUP 
Ax» MS SHELL 1 


All None Reverse. 
Object Properties 
Display Options 
Mode Shade аб 
Transparency 0 
El fringe 
Color by Fluid pressure 


A. D3PInt result 


Select Object = MS Shell from the left option menu and select the drop-down menu of 
Color by in the Display option at the bottom. Let's choose Fluid pressure. If you look at the 
Animate bar, it will contain more than 1000 frames. The number of frames calculated by the 
ICFD solver taking into account the characteristics of the fluid and clicking Forward shows 
that the pressure distribution changes fairly smoothly. The maximum pressure would have 


been calculated to be about 5 kPa at the leading edge. 


X: X 


Display Options 
Mode Shade ^ 
Transparency 0 
El Fringe 
| Colorby | Fluid pressure 
PID Color PID 
Component Fluid velocity 
Fringe Contour u 
Line Contour Fluid vorticity 
Fringe Legend Q Criterion 
Average pressure 
lem and Mesh Command | Дуегаде velocity 


A Fluid pressure distribution 


Let's also visualize other variables such as fluid velocity and vorticity. To see the streamline 
of the fluid, select Vector from the Post options on the right and select Fluid velocity. As 
shown in the figure below, it shows the flow of vector which is easy to analyze the flow 


pattern. 


= Post — Vector | Fluid Velocity: ICFD — Dynamic, SF=0.5, Whole — Apply 
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A Fluid velocity vector visualization 


Let's plot the total drag force occurring on the wing surface using Ascii in MSPost. Icfdraga 
means the average value of the pressure and velocity distributions, and icfdragi is the value 
extracted directly from the surface element and integrated. Over time, you can see the 


tendency to converge to a specific value. 


= MS Post — Ascii — icfdraga, Load — icfdraga — Ftot (Fp*Fv) — plot 


MSAscii (E+3) 


Time 


A Drag farce along time 


So far, we have practiced the 2D modeling technique using Wing Profile to utilize basic 
ICFD solver. The 3D modeling procedure is very similar, too. Even readers whose main task 
is structural analysis should be interested in the analysis of various physical phenomena such 
as fluid and heat transient analysis because multiphysics analysis is necessary for most 
industries. In particular, the ICFD field is an indispensable field for structure and fluid 


interaction analysis (FSI), so it is recommended to learn constant interest. 
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Part C 


In this part, you will learn and practice more complex analysis using 
the unique characteristics of LS-DYNA, such as meshless methods 
or explosion analysis, beyond the scope of collision analysis on 


general structures. 
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Chapter (1. SPH Bird Strike Analysis 


| Workshop Objectives 

Y Learning the concepts of smooth particle hydrodynamics 
Y Modeling Bird Properties of Soft Materials (* EOS) 

Y Learning the Bird Strike Modeling Procedure 


| Workshop Duration: 80 min 
| Application: Aerospace, SPH, Bird Strike Analysis 


| Model Files 

* W11 BirdGeom.bdf: Bird mesh model 

* W11 Initial Birdstrike Mesh.k: Initial state of model 

*W11 SETUP SPH Birdstrike.k: Final state model (Initial condition) 
*W11 SETUP SPH Birdstrike thick.k: Final state (Thickness up) 
*W11 SETUP SPH Birdstrike multi.k: Final state (Multi-Bird type) 
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| introduction of SPH(Smooth Particle Hydrodynamics) 

Smooth Particle Hydrodynamics (SPH) is a meshless or mesh-free method for analyzing the 
dynamic behavior of a continuum. The meshless method enables the modeling of physical 
phenomena such as bird strikes, sloshing, and compressible fluid analysis to be very close to 
the real physical world. The SPH technique was proposed by Gingold, Monaghan, and Lucy 
in 1977, was initially applied to solve the problem of the astrophysical problem. 


A Various SPH application cases (high-speed collision, processing field) 


=  Meshfree Method 

There are several analysis techniques for analyzing large deformations or highly ductile 
materials. One of them is the SPH technique that we are introducing here in this workshop 
and there is also a finite point method proposed by Onate in 1996. In addition, the EFG 
(element free Galerkin) analysis technique is one of the widely used techniques. Also, there 
are a variety of meshfree or meshless techniques. Like the SPH technique, the procedure of 
modeling an object with particles is also called the Particle Method. The SPH technique is 
classified as a representative Hydrocode and most commercial FEM programs support 


Hydrocode. 
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Particle Method 
Continuum Discrete material 
Implicit meshfree galerkin method, EFG Molecular dynamics 
Explicit hydrocode SPH, Finite Point Method Lattice boltzman 
Meshfree Galerkin, EFG Discrete element 


A Particle Method Classitication 


The scope of this mesh-free technique varies considerably from gas to liquid and solid. The 


chart below shows the concept of the scope of the SPH method among the meshfree methods. 


= 


| 


Metal forming 
Foam material 
A Element free Particle Finite Method r 
^ i Air Bag 
Ё | 
8 Crashworthiness Rubber material Explosion | 
9 
> | | 
A Fracture Sloshing | 
A 
| SPH Method 
Bird strike 
Splashing 
Penetration Hydroplanning 
Solid << Elastic fluid << Fluid >> equation of state >> 


SPH technique is a meshless Lagrangian technique. Individual SPH particles 


act as 


interpolation points and the smoothing length of neighboring particles is calculated between 


individual particles to simulate particle behavior using kernel functions. Basically, a basic 


mesh model should be created for SPH generation. Due to the characteristics of the SPH 


concept, the distance, volume, and density between particles must be uniformly configured in 


the part for stable calculation. Therefore, the numerical error can be reduced by the use of a 


uniformly distributed model(first case) as shown in the below figure. The shape function of 


the SPH is in form of a hat shape, which defines the characteristics of the variable for spacing 
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between particles. For example, the force will be higher as it is closer to the particle and 


smaller as it moves farther away. 


0000 
00000000 H 
00000000 

0000000000 06 

0000000000 900000000009 

0000000000 0000000090000 

0000000000 H 
00000000 [1 
00000000 

0000 


A SPH Particle Structure Comparison and Shape Function 


= SPH keyword 
*CONTROL_SPH: Set basic parameters for calculation between SPH particles 
*SECTION_SPH: Define the properties of the part containing the SPH particles 
*ELEMENT_SPH: Define the mass of SPH particles and the parts they belong to 


As shown in the figure below, the SPH particles, parts, SECTION, and materials are set as 
the basic components. Each particle is recognized as a node and the nodal force, energy, and 
stress between particles are calculated by the law of conservation of energy, mass, and 
momentum, and the trajectories and various output values of individual particles can also be 
extracted. 

The application of this SPH technique not only solves the problem of large deformation such 
as crashworthiness and hypervelocity but also helps in solving fluid-structure interaction with 
constantly changing boundary conditions and metals processing such as forging and 
extrusion. Also, highly non-linear problems such as molding process and crack propagation 
can be easily solved. However, because the computation must be performed on each particle, 
it takes quite a long time and often requires high computational resources. In addition, if the 


spacing or physical properties between particles are not modeled correctly, numerical errors 


may occur. 
*NODE * X w Z 
*ELEMENT_SPH NID " PID MASS 
a 
*PART PD SD MID EOSID 
y 2 get 24 2 
*SECTION SPH SD їн 2 
a 27 
*МАТ ELASTIC MID RY ^ E PR DA DB 
*EOS EOSID 


A Relationship between SPH Particles and Part Settings 


148 | Part E. CIl 


Chapter 11. SPH Bird Strike Analysis 


Various methods are provided below for the SPH application. If you don't need to consider 


the special conditions, then it will be calculated reasonably with the default values. 


= SPH Formulation Method : 
0: standard formulation (default) 
1: renormalized formulation 
: symmetric formulation 
: symmetric formulation with renormalization 
: elliptical formulation 


: fluid formulation 


O oa Aà WO N 


: fluid formulation with renormalization 
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Workshop 11. 
Bird Strike Analysis of Aircraft Leading Edge 


| introduction 


The collision of birds on an aircraft while cruising in the air is called Bird Strike event and it 
is one of the most dangerous accidents that often occur. Therefore, certification of a bird 
strike is one of the important processes in aircraft design. In particular, for civil aircraft, there 
is a specific requirement FAR25.571 for bird impact as specified by the Federal Aviation 
Administration (FAA). Even if a 416 bird collides, the flight should able to complete normally 


and the aircraft should not be damaged. 


@ Bird Strike Requirement : 
= Federal Aviation Administration(FAR 25.571/575) 


"Airframes for transport category aircraft requires that the aircraft 
be able to successfully complete a flight after impact with 4lb 
(1.82kg) bird" 


Therefore, in order to certify the structural integrity of a bird strike, it is necessary to verify 
experimentally and analytically, the airworthiness certification of the Aircraft for Bird impact 
dynamics. The below table shows the statistics of bird strikes for about 10 years since 2000, 
published by the ICAO. The data reveals numerous bird strikes were reported, sometimes 
leading to catastrophic accidents. In particular, the areas where bird strikes occur a lot are on 
the front leading edge of the wing, the cowling part of the engine, rotating engine fan blades, 
the cockpit transparency, and the landing gear part. 


A Analysis result of the bird crash training model 
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Bird Type # of Strikes | Flight Phase # of Strikes | 
passerines 2,565 Parked 45 | 
gulls 2,375 Taxi 73 
raptors 1,063 Take-off Run 3,213 
plovers/lapwings 594 Climb 2.179 
pigeons/doves 497 En route 218 
waterfowl 248 Descent 381 
herons 202 Approach 5,018 
oystercatchers/sandpipers 151 ^? Landing Roll 2,701 
owls - 
bats 
grouse/pheasanU partridge 
parakeets 
unknown 
TOTAL 
| Source: 
From 2000 International Civil AMation Organization (ICAO) 


A Current Status of Bird Crash (10 Years Since 2000) 


The analysis of large deformations such as the bird strike has many limitations to simulate the 
actual phenomena with the conventional FEM technique such as the Lagrangian element. 
With the expansion of dynamic explicit codes such as PAM-CRASH and LS-DYNA in the 
late 90s, many researchers have investigated on many numerical analysis models for bird 
strikes, including techniques that allow large deformation analysis such as ALE (Arbitrary 
Lagrangian element) and SPH. Many studies have been carried out to verify the results of 
these methods. The modeling of bird strikes has been built at a reasonable level at present. 
Recently, theoretical and experimental studies have been carried out using this meshless 


technique for different structures. 


l Importing Mesh Model 

First, import the model W11 Initial Birdstrike mesh.k to analyze the bird strike. As shown 
in the figure below, you can see the model of the bird created by SPH and the model is made 
of three components: SPH Bird, the wing leading edge and its inner frame. In order to model 
bird, a cylindrical shape with rounded ends was applied and SPH particles can be generated 


through Element and Mesh SPH generation in LS-Prepost. 
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? 9998 


S 


A Components of Bird Strike Model 


Simple shapes such as cylinders, spheres, and boxes can be created directly in LS-Prepost and 
in the case of complex geometry, special functions (like Solid Center, Solid Nodes, Shell 
Volume, etc.) can be used to create SPH with the help of imported geometry. SPH particles 
with Solid Nodes can be generated using the provided geometry file (* .bdf). 


SPH Generation x 


@ Create © Modify 


Shell Volume 
Circle 

4-Point quad area 
Shell Center 


A SPH Generation option 


The bird SPH model was created using the Solid Nodes option, which generates SPH 
particles at the node points of the provided geometry model. The mass of the bird part is 
about 1.82kg according to the FAR regulation and the mass can be calculated based on the 
density input (Density, 1600kg / m?). The basic properties are as follows and are assumed to 
be similar to the average seagull which is about 1-1.8kg. So with this size in mind, it's helpful 
to model SPH bird. 


Parameters Assumption or chosen value 
Bird Mass 1.82kg 


Bird Geometry Cylinder with hemispherical Ends 
Bird Density 938. 5kg/m' 
Bird Material Viscous Hydrodynamic Fluid 


Bird species-Sea gull (1kg~1.8kg) * FAA standard requirement mass for bird strike : 4 Ib(1.82kg) 


A Properties of Bird Model 
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| Material Properties 


The structure of the leading edge is composed of a thin skin structure composed of a 1.2mm 
aluminum panel and a 3mm inner-frame. The MAT24 linear plastic property was used and 
the bird was modeled using NULL properties with EOS (Equation of State). Organic 
creatures such as birds are composed of internal organs, flesh, feathers, etc., which have 
bones, beaks and some kidneys having almost no physical properties. The chart below shows 
the relationship between volume and pressure. It can be seen that the behavior pattern is 


almost similar to water. EOS is used to express these ductile properties. 
| 


60+08 
A — Water 
5e«08 h ` D 1 Polynomial law 
1 * < for bird material 
] \ with a = 0.00 
40208 \ À = < Water, a= 0.10 
2 А Polynomial law 
P1 -* for bird material 
3e«08 with a = 0.10 
i TE - Мае, ат 015 | , Bird Material Card 
2е+08 f- i i = He) tein * MAT_NULL : Hydrodynamic Fluid 
` with a=0.15 * EOS LINEAR POLYNOMIAL: Constitutive Response 


P= C + Cu + Cip? + Си? + (С, + Си + CE 


Lp 2 ific v (у 
к= (<) - 1 relative specific volumev, = (=) = (7 ) 
* Semi empirical value : C122250 MPa, O = otherwise 


075 0.8 0.85 0.9 0.95 l 1.05 1,1 
Relative specific volume 


А Comparison of EOS (Water vs. Bird)? 


EOS (Equation of State) 


The equation of state (EOS) is a formula that describes a particular state of matter and is 
used primarily to express the correlation with the pressure, volume, temperature or energy 
of a liquid or gas. Representative state equations learned in schools include Boyle's Law 
(1662), which states that the equation defines the relationship between gas pressure and 
volume and Charles Law (1787), which defines the relationship between temperature and 
volume and finally the Ideal Gas Law (1834). 


In LS-DYNA, EOS is applied to accurately simulate the behavior of a material. Pressure can 
be expressed as a function of density, energy, or temperature. In the physics at which a 
very high strain rate occurs, many of these EOS are applied. EOS can be applied to SPH 
particles and among shell elements, it can be applied to types 13, 14, 15 and * 


element_solid. 


? Reference: J. S. Wilbeck, "Impact behavior of low strength projectiles," DTIC Document, 1978 
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Typical EOS representing physical properties close to liquid are * EOS Linear Polynomial 
and * EOS Gruneisen. * EOS JWL, which is used to analyze explosives, is one of the 
widely used keywords. The material that replaces the bird applied in this exercise is defined 
as *EOS Linear Polynomial. Through experimental data, C1 = 2250MPa is obtained and 
all other constants are set to 0. Such polynomial EOS can be effectively used when the 
strain rate is not very high. The vehicle can be used properly up to the low-speed collision 


range of the vehicle and reliability must be sufficiently verified for speeds higher than that. 


Linear Polynomial equation » 


P=C, +C, t Cub) x Cup (C, Cau Cur )E 


Gruneisen equation > ДҮ «a-Éyi- Sur | 
P= : Чарс +(y, +аш)е 
А 4 
1-(s, -Dy — 8, —— - 5, ~ 
| РЧ Gel 


For fluid-like materials (Bird) covered in this exercise, apply * MAT_NULL with * EOS. The 
MAT_NULL properties of Air and Water are as follows. RHOO stands for density and Mu 


* 


stands for dynamic viscosity (Pa * s). In other words, it is used together with EOS to 


calculate the stress acting on the object by calculating the deviatoric stress and pressure. 


*MAT NULL 


$ MID RHOO PC MU TEROD CEROD YM PR Ф Air (kg-m-s-K) 
1 1.1800 -1.0 1.7456E-5 0.0 0.0 0.0 0.0 

*MAT NULL 

$ MID RHOO PC MU TEROD CEROD YM PR Ф Water (kg-m-s-K) 
1 998.21 -10.0 0.8684E-3 0.0 0.0 0.0 0.0 


The linear polynomial parameters of ideal gas consists the following value: rho = 1.025 kg / 
m3, y = 1.403, C4 = 0.403, C5 = 0.403. And the Gruneisen constants of water are rho = 
1000kg / m3, CO = 1490m/s, S = 1.79, ГО = 1.65. Bird properties are modeled using *EOS 
and *MAT NULL as previously described. Aluminum, the leading edge skin, and frame 
material input the properties of * MAT24 Linear Plasticity. In this case, the fail strain is the 


criterion to simulate the element erosion that removes the failed element. 
= Keyword Manager — MAT | 009-NULL — input properties (see image) 


= Keyword Manager — MAT | 024-Piecewise Linear Plasticity — input properties 


= Keyword Manager — EOS | Linear Polynomial — C1=2250MPa, remaining is 0 
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*MAT NULL (TITLE) (009) (1) 


Ё 


bird 


z 
s 


RO PC MU TEROD CEROD YM PR 
[338.00000 -0.0997400 ||0.0027000 ||1.1000000 |[0.2000000 0.0 0.0 


| 


*MAT. PIECEWISE LINEAR PLASTICITY (TITLE) (024) (1) 


TITLE 

Plate | 
1 MID RO E PR SIGY AN FAIL IDEL 

2 2500.0000 7.200е+10 0.3300000 3.200е+08 1.500е+10 ||0.0220000 [o.o 
2c P LCSS . LCSR e| VP 

0.0 0.0 0 0 00 м 

*EOS LINEAR POLYNOMIAL (TITLE) (1) 

TITLE 

bird 
1 EOSID co Ci c2 c3 С4 c5 C6 

h 0.0 2250e«09 ||0.0 0.0 |00 00 0.0 
2 £0 vo 

0 0.0 


Large deformation occurs in the bird strike analysis, so set hourglass as below and set it in the 
SPH part. Hourglass is set to the Flanagan-Belytschko viscous form (IHQ = 2) for the SPH 
part. 


= Keyword Manager — HOURGLASS — IHQ=2, Input (see below) 
*HOURGLASS (TITLE) (1) 


1 HGID IHQ QM 189 01 92 QB/VDC ом 
р) м Го. 1400000 [15000000 |[о.овооооо |[о.1оооооо_  |[0.1000000 | 


o 


| Element Properties 

After defining the properties, the properties should be defined for the target part. First, 
Section shell of leading edge consisting of the Shell element is defined as follows. Create a 
section of 1.2mm for the leading edge skin structure and 3mm for the inner frame. Then 
define the section of the SPH. CSLH is a constant that defines the relative distance between 
particles. In general, 1.2 is acceptable. Hmin and Hmax are the variables that define the 
range of particles taking into account when it moves around. Therefore, Hmin 0.2 and Hmax 


2.0 are input. 
= Keyword Manager — Section Shell — ELFORM-2, NIP=2, Thickness= 1.2mm 
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*SECTION SHELL (TITLE) (2) 


TITLE 
[ LE Skin | 
PROPT — OR/IRIDe| ICOMP 5ЕТҮР 


4 v lo «t — v 


EE T2 T3 T4 NLOC MAREA IDOF EDGSET 


00012000 l[o0012000 l/0.0012000 [0.001200 [оо [oo [ш [о 


* Similarly, create another 3mm section. 


3 

Е 

E 
FE 


= Keyword Manager — Section SPH — CSLH=1.2, see the below image 
"SECTION SPH (TITLE) (1) 


: 


1 SECID CSLH HMIN HMAX SPHINI DEATH START 
[12000000 |[о2000000 [20000000 [оо |[1.000e+20 [о | 


| 


A Concept of calculation range of adjacent particles of SPH particles 


When the collision between SPH particle and leading edge occurs, the calculation time of the 
SPH particle can reduce the analysis time by setting the collision region using Define_BOX. 
Use Define BOX to define the area to consider collision and select BOX from 


Control_SPH. 


= Keyword Manager — Define Box — Set range values to include collision areas 
= | NewD || Draw | кезу || Add || Acc 
[C] Use "Parameter [ ] Comment 

*DEFINE_BOX_(TITLE) (1) 


TITLE 
1 BOXID XMN XMX YMN YMX ZMN ZMX 
h -0.2000000 ||0.3000000 -0.4000000 ||0.4000000 -0.1200000 ||0.1200000 


Total Сага: 1 SmallestID:1 LargestID:1 Total deleted card: 0 


A Define Box Setting 
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| Boundary Condition 


As shown in the figure below, fix all the parts that are connected to the main wing of the 

leading edge structure. The speed of the SPH part is set to the initial speed with 

Initial velocity. 

= M Model and Part— Create Entity— SPC | Cre— Sel. Node | Area— Select the node in the 
back of the leading edge structure as shown below. Check all 6 D.O.F— Apply 


x 
] (€ Show О) Се О) Моа (Del 
Label: None v 
Set Node 
)| | Auto Merge Convert NodeTR 


Cylindrical CS 7 


Sym plane All Fx[111111] 


A Boundary condition Setting 


= Model and Part— Create Entity— Initial | Cre— Sel. Node | Area— Select all SPH parts— 
Enter Vx = -38, Vy = -15 


*INITIAL_VELOCITY_NODE (48473) 


| мре УХ w vz VXR VYR VZR ICDs 


Б8681 [-38.000000 -15.000000 | 00 00 00 00 0 


| Contact Condition 


For contact between SPH particle and shell element, the contact conditions 
Surface to Nodes series must be selected. You can use conditions like Automatic 
Nodes to Surface, Constraint Nodes to Surface, and  Eroding Nodes to Surface. 
According to the research data of other literature available, the results correlated or which can 
be most similar to the actual test can be obtained under the contact conditions of 
Constraint Nodes to Surface. However, because there are so many variables for each 
condition, it is important to apply various conditions and to recognize the difference 
accurately to get reliable analysis results. Define the SPH particle as a node set and set it as a 


Slave and the Master Surface sets the structure of the collision as Part or Segment. Note that 
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in the case of shell elements, the Normal direction must face the surface where the collision 

occurs. In the case of bird impact analysis, the coefficient of friction is defined as zero. 

= Model and Part — Create Entity — Set Data | "Set Node — Cre | SPH select all particles — 
Apply 

= Keyword Manager — Contact | Eroding nodes to surface — Master surface defined as 


Part, Slave Surface defined as Node set 


*CONTACT CONSTRAINT NODES TO. SURFACE (ID/TITLE/MPP) (2) 


1 Ср TITLE 

[ NN 

MPP1 MPP2 

2 
3 
4 SSIDe MSIDe SSTYP MSTYP SBOXID ө МВОХІ ® SPR MPR 

Е IE 4 mE m | 1 | 0 vo v 
5 FS FD рс УС VDC PENCHK BT DT 

[0.0 [o.o [oo 0.0 [б Jo v [oo [1000.20 | 
6 SES SEM SST MST SFST SFMT ESF VSF 

[26.000000 ]|1.0000000 [о 00 [[100ооооо |[1ооооооо |{1.0000000 10000000 


The normal direction of the shell element should be checked and set in Element tools — 
Normals. Check the Normal direction for any mismatch. If the normal vector of the leading 
edge's skin does not face the outside as shown below, select Reverse Normal to match it as 


shown below. 


Normals 

Entity Type: | Shells 
@ Show Normal 
О Reverse Normal 
О Align 


V-Size [ | 
@ Compliment 


Airbag Shell RG |_| Airbag Node RG 


A Checking Shell Normal 


| Analysis Condition 


Since the analysis progress time is 0.005sec, enter termination = 0.005 and set the d3plot and 
ASCII data extraction settings at 5e-5 intervals in the output database. In the case of 
nonlinear analysis such as bird collision, the input of Bulk Viscosity can improve the analysis 
efficiency. Input Quadratic coefficient (Q1) and Linear coefficient (Q2) of Viscosity, 
respectively. 


= Control | Termination — ENDTIM = 0.005, DTMIN=0.25 
= Database— ASCII option — Default DT=5e-5, selet GLSTAT, MATSUM 
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* M Database D3plot — Default DT=5e-5 


= Control Bulk Viscosity — input value in Q1 and Q2 
*CONTROL BULK VISCOSITY (1) 


р.0000000 [02500000 |1 lg у 


= Control— Energy — 2, 2, 2, 2 
=  Control—^ SPH — BOXID, IDM=3(3D), Memory= 150 
= Control —  Timestep — TSSFAC=0.5, ERODE=1, DT2MS(Default=0) if necessary 


* Mass scale(DT2MS) is 1e-6 if the analysis takes a long time 


Lowering the TSSFAC (default = 0.9) to 0.5 is to mitigate the instability that occurs at the 
contact. Some analysis cases may take longer. Also, select ERODE - 1 to enable the element 
to be removed when the minimum time-step (TSMIN) is reached. If the DTMIN of the 
termination is set to 0.25, the initial time-step can be reduced to 1⁄4, thereby eliminating the 
instability due to the step-size. 

This completes the creation of a bird strike model. Using SPH seems to be quite complex and 
will take a long time to solve, but if you understand the concept, modeling procedure 
wouldn't be so difficult. In this analysis, the number of SPH particles is about 48,000 and the 
analysis time taken to solve will be about 1 — 2 hours in general PC (17, 16GB ram). Readers 
who are burdened with computational time can considerably shorten their analysis time by 


cutting the number of SPH particles in half. 


| Analysis Result 


Complete the analysis and load the D3plot into Prepost. Let's check the Bird crash over time. 
As the impact area of 1.2mm leading edge made of aluminum is damaged by bird collision, 
element erosion occurs at the region of impact and it can be seen that SPH particles penetrate. 
In the analysis process, it can be seen that the time step size suddenly decreases as the 
element erosion occurs. As the contact becomes unstable, it decreases by the previously set 
DTMIN value and still the analysis after the penetration of the SPH particle continues to 


solve. 
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а 0.045 sec 


A Віго Crash Progression 


The impact region was damaged оп опе side of the area supported by the skin and leading 
edge Rib due to bird strike. The damage started from the point where the bird SPH part 
impacted and the maximum impact load was reached. The impact load can be reviewed 
through the Reforce of the Ascii output as shown. 


= Post — Ascii — Rcforce | Load | SI-1, MI-1 — Plot 
4.614 


4.349e-02 _ 
4.084e-02 - 
3.820e-02 - 
3.555e-02 _ 
3.291e-02 - 
3.026e-02 _ 


LS-DYNA keyword deck by LS-PrePost 
T 


2761e-02 _ 
2.497e-02 _ 
2.232e-02 _ 
1.968e-02 - 


Resultant Force (E*3) 


Time (E-03) 


A Damage site and impact load graph af the impact area 
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Let's check the kinetic energy of SPH bird parts. It can be seen that gradually decrease from 
the start of the impact. Also, check the distribution of von mises stress from adjacent 
elements of the impact area. It is possible to extract the history of the stress at a specific node 


and element. 


= Post — Hist — Part | Kinetic Energy — select SPH — Plot 


LS-DYNA keyword deck by LS-PrePost 


1.5 
= 
i 14 
Ss k 
2 
© 13 
ш 
So 0 peeebeMepm a. 
b] 
£12 4 
х 
t m— —— —————— M. 9—  — — M — —Á—— 
à 

14 - 

1 1 i | 
0 1 2 3 4 5 


Time (E-03) 


A Kinetic energy distribution af SPH part 


= Post — Hist — Element | Effective stress — select some element close to impact site — 


Plot 


LS-DYNA keyword deck by LS-PrePost 


O Global 


Ора 
O Nodal O R-Nodal 
@ Element O Scalar 
Olnt Pt O Vol Fail 


Sum Mats 


Along Path 


Sel. Elem.(5) 


YZ stress ur Qa On 
Ё ZX-stress О Area C) Prox Ом 

Effective Plastic Strain Poy OO Qu 

Pressure Оза Сн 


Max Prin Deviatoric Stress 
< 


Value: Ет 


E-Type: Any 


E-Axes: Global 


Surface: Middle 


Time (E-03) 


A. van Mises stress distribution at the impact site 


As described above, the impact analysis was conducted under certain conditions. A 
significant area of the leading edge was torn, affecting flight stability, which does not meet 
the FAR standard. Therefore, the thickness of the aluminum skin is 1.2mm — 2.4mm. Let's 
solve the calculation again after doubling its thickness. As shown in the figure below, it can 


be confirmed that no damage occurred. From the analysis results, the impact load of the 
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impact site, the kinetic energy of SPH particles and the stress of the impact site are extracted 


and compared with the previous analysis results. 
yvy DEP EYE DOL 


A Bird strike of the leading edge with increased thickness 


The modeling techniques introduced in this workshop are currently applied to many studies, 
so they are expected to be useful in various fields. In fact, many experimental results of bird 
collisions are provided in the research data. The reader should find the optimal modeling 
value by calibrating various parameters to compare with the experimental data. This 
parametric study may be one of the main research data because various parameters influence 
the analysis condition and the situation. 

In addition, a model with different physical properties such as head, chest, and wings 
attached to the SPH main body part can be created to get an ideal shape of a real bird. 
Perform an impact analysis using this model and compare how it differs from the traditional 


hemispherical bird model. 


e» GO C9 09069 GEO GJ 


A Bird strike analysis using realistic bird shape SPH part 
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Chapter 12. Water Landing Analysis with ALE Method 


| Workshop objectives 

Y Learning analysis concept of ALE (Arbitrary Lagrangian 
Eulerian) 

Y Learning Water Domain property modeling 

Y Learning the application concept of Lagrangian in Solid 

у Practice water landing modeling procedure 


| Workshop duration: 60 min 


| Application: Aerospace, ALE, Water Landing 


| Model file 

* W12 Fuselage.bdf: Fuselage mesh model (Nastran) 

* W12 Initial Mesh.k: Initial state of mesh model 

*W12 SETUP Water АГЕ Rigid.k: Final state of model (rigid) 

*W12 SETUP Water ALE Elast.k: Final state of model (Elastic) 
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| introduction of ALE Water Landing 


The water landing load imparted on aircraft operating over a sea is one of the important 
considerations in the structural design. Passenger safety must be ensured during an 
emergency landing and must be suspended for enough time for the passengers to escape. 
Until the mid-'90s, there was a regulation to satisfy certain conditions through the mock-up 
test. Recently, the airworthiness certification is progressing along with the numerical analysis 
with the development of computer analysis technology. In terms of the aviation industry, 
numerical analysis can greatly reduce the risk and performance of expensive tests. In this 
exercise, we shall practice the process of analyzing the water landing load on a simplified 
helicopter body. Using the Arbitrary Lagrangian-Eulerian (ALE) technique which is the most 
widely used among the various analysis methods, we will learn how to analyze the water 
landing load by coupling the Lagrangian structure in the Eulerian water region. This situation 
of sea crash is called 'Ditching' and the term ditching simulation is used in the aviation field. 
The photo below shows the Airbus A320-214 aircraft landing in the Hudson River in January 
2009, also known as the "Hudson River Miracle," where all 155 passengers were safely 
rescued. Along with the skilled emergency action of pilot Sullenberger, also known by the 
film ‘Sully’, the stability of the aircraft's structure also should be contributed. 


A Water landing load test of the helicopter bady? 


? Reference: Pentecote N., Viglintti A., “simulation of the impact of water of a sub-floor component and a fullscale WG30 helicopter", AHS 
International - The Vertical Society, Forum 88 
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The above test pictures highlight a water impact test scene conducted by the Aerospace 
Research Institute of Italy during the development of the Westland G30 helicopter in the UK. 
WG30 helicopter fuselage is mainly made of aluminum and titanium with a composite 
sandwich structure applied on to floor structure. It is a test to analyze the degree of structural 
damage by impacting a full-scale structure weighing about 4300kg at a speed of about 8m / s. 
Although some aircraft fuselage or helicopter fuselage are performing vertical drop tests in 
water or above ground in the USA or Europe, there are not many published technical data on 
the actual water impact data. This workshop will proceed with the Water Impact Analysis 
using the ALE technique by applying the test conditions similar to the simplified model. Such 
ditching provisions can be found in FAR 562. Maximum acceleration (14g), speed (31.2ft / s) 
and displacement (30.3inch) due to impact shock are regulated. Various types of shock 
absorbing designs are applied to reduce the impact load due to water impact, for example, by 
inserting a foam absorber into the floor structure, using an absorber such as a shear tie to 
absorb impact energy, or by using a truss structure. Various types of design elements have 
been applied to mitigate impact damage. The impact on the ground and the impact on the 
water have quite different characteristics of behavior. Therefore, ALE (Arbitrary Lagrangian- 
Eulerian) is a representative technique for large deformation cases rather than the convention 
FE Mesh model. Basically, in order to understand the ALE technique, the Lagrangian 
algorithm and Eulerian algorithm should be understood. If you want to understand in-depth, 
you can see these two concepts in most of the FEM textbooks. In this chapter, only basic 


concepts will be explained to help you understand the workshop problem. 


Loads transferred to structural Loads transferred to skin panels as 
beams of fuselage subfloor structural beams are too stiff 


4 


(a) Hard ground (rigid surface) (b) water (highly deformable) 


A Difference between shock load transfer between ground shock and water surface shock 
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| Lagrangian Algorithm 

The elements and meshes we often use in structural analysis apply the Lagrangian concept. 
As individual nodes move together with the movement of the target structure, nodes move 
together along the location where the deformation of material occurs with time as shown in 
the figure below. The disadvantage of Lagrangian mesh is that it is quite limited because 


numerical errors are likely to occur when very large deformation occurs. 


t ALE description 


A Material point 


Particle motion 


О Node ‘ Mesh mation 


А Concept of Lagrangian, Eulerian, and ALE Mesh 


| Eulerian Algorithm 


On the other hand, the Eulerian analysis method is widely used for fluid dynamics. As shown 
in the above figure, when the material moves over time, the reference point moves with it, so 
that the large deformation can be relatively easily simulated. The disadvantage is that the 


definition of the interface of the material is difficult to accurately represent. 


| ALE(Arbitrary Lagrangian-Eulerian) Algorithm 

The ALE algorithm combines the advantages of these two techniques. As shown in the above 
figure, a node moves like a lagrangian to a specific area and can move freely like a Eulerian 
mesh within a certain range. Therefore, the large deformation can be simulated relatively 
easily, and the definition of the interface can be expressed more accurately than the Eulerian 
mesh. Because of these advantages, they are widely applied because they are very useful in 


fluid-structure interaction problems. 
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Pm 5 Fm on 
KOA 


Reference configuration Current configuration 


A Concepts of Lagrangian Mesh Movement and ALE Mesh Movement 
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Workshop 12. 
Water Landing Analysis of Helicopter Fuselage 


| introduction 


The basic three parts which are needed for the water landing analysis by applying the ALE 
technique. Representation is made as to the Water domain (Eulerian), Air domain (Eulerian), 
and Structure (Lagrangian). As shown in the figure below, the helicopter body (shell 


element), a water domain (solid element), an air domain (solid element). 


A ALE Water landing model 


In this workshop, the simplified helicopter fuselage was modeled as a shell element and 
analyzed for a vertical drop of 8 m/s. First, we modeled the helicopter fuselage as a rigid 
body and analyzed the surface pressure of the structural members impacted by the water 
surface. Next, the modeling was performed with the aluminum elastic body where 
deformation occurred. The *Constrained Lagrange_in_Solid keyword is applied in order to 
evoke the FSI (Fluid-structure interaction) which helps simulate the interaction between 
Eulerian water and Lagrangian structure. Because the number of elements is quite large, the 
whole body analysis requires a considerable time of more than 10 hours in the case of the 
elastic body analysis. Thus, the partial sub-model was utilized for this workshop to save 
computational time. The unit system is applied to the meter unit system in consideration of 
the size of the structure. 


= Unit: m, sec, kg, №, Pa 
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A Submodel of ALE water impact model(Elastic Боду) 


Through this hands-on workshop, readers will be able to learn basic single material ALE 
analysis techniques and understand the overall analysis procedures and application concepts. 
In addition, the process of extracting the impact pressure acting on the surface of the structure 
through the analysis process and the post-processing procedure to review the result of the 
ALE analysis method will be practiced. The ALE analysis technique can simulate the 


nonlinear physics of large deformations, so it is widely used in various industrial fields. 
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[ Mesh Model 

Import the model ‘W12_ALEmesh.k’ which is created for the water landing analysis. The 
mesh model was created with CAD program and then imported it as a Nastran format (* 
.bdf). If you import W12 Initial mesh.k, you will see a three-part model which is as shown 
below. It is important that the mesh size of the region where the contact between the 
Lagrange structure and the Euler domain starts should be similar in order to avoid numerical 
error or severe divergence issue. 

There are two ways to apply the ALE method. There is a method of applying the properties of 
air or water to Multi-Material ALE (MMA) and then there is a single ALE method of 
inputting the same properties and setting the air area to Void. In this exercise, the latter 
method (Single ALE) with the air zone set to void was applied. Note that the nodes at the 


interface between the air and water domains must be shared. 


Structure (Lagrangian) 


Air (Eulerian) 


A Water landing model having 3 parts 


In general, the area of the ALE element should be modeled 3 — 5 times larger than that of 
structural material to reduce the edge effect. However, in this exercise, the ALE domain size 
is 2 times of structural domain to reduce the analysis time. It is recommended to extend the 
ALE domain to be used for research work. Creating an ALE region is simple. You can use 
your own preprocessor, or you can easily create one using LS-Prepost. In LS-Prepost, use the 
Shaper Mesher's Box to model the domain size including water and air and then use Move or 
Copy to separate the air area and set it as a new part ID. A model that includes only Fuselage 
(W12 Fuselage.bdf) is provided, so please try to do the modeling practice by increasing the 
ALE domain size after completing this exercise to check the effect of ALE domain size. 


* Shape Mesher — Box Solid — input size and number of the element (see image) 
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= Move or Copy — Move | Target ID=2 — Sel. Elem. | Area | by Element — Select Air by 


dragging it — Apply 


Move or Copy 
@Move 
IL] Pick Target Part 
PID: 


| 
PName: aA 


Starting element ID: 


8001 [Prop [adap Апо! 5 


Starting node ID 
9262 


[ apply | Reject | | Accept 


A separating water and air domain 


| Material Property 


The material of the helicopter body is made of aluminum and in this workshop, two different 
properties will be applied and solved to check the difference. We will apply the rigid body 
properties first and later perform an analysis by applying the elastic body properties where 
deformation occurs. There are several ways to define the physical properties of the water 
domain. In this exercise, we modeled using * MAT NULL and * EOS Gruneisen. The 
water property definition is the most important factor in the analysis results. Please refer to 
the description of EOS in Chapter 11, Birdstrike. 

= Keyword Manager — MAT | 020-Rigid — Input properties 

= Keyword Manager — MAT | 009-NULL — Input properties 


= Keyword Manager — EOS | Gruneisen — Input properties 
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*MAT RIGID (TITLE) (1) 


TITLE 

[ Rigid | 
MID RO E PR N COUPLE М ALIAS 

[2 [2580.0000 ||7200e+10 |[p.2000000 | 0.0 lo МЕ | | 


A MATO20 Rigid Properties 


*MAT NULL (TITLE) (009) (1) 


TITLE 

[water 

MID RO PC MU TEROD . CEROD YM PR 
[h вооооо -10.0000000 |/8.600e-04 [oo [о [оо [о 
A МАТОО9 Null Properties 

TITLE 

water 
| EOSID C 51 52 53 GAMAO А EQ 

h 1647.0000 || 1.9200000 ||-0.0960000 [0.0 0.350000 || 0.0 2.890e«05 
! vo 


A. LS Gruneisen Properties 


| Element Property 


Set the ALE area of Water and Air to Solid element. ELFORM can model the same material 
in various ways according to various analysis techniques. In this exercise, ELFORM is 
modeled using ELFROM - 12. The fuselage is set using ELFORM - 2 in the shell section. 

= Keyword Manager — Section Solid — ELFORM=12 

= Keyword Manager — Section Shell — ELFORM-2, Тһіск=0.005 


"SECTION SOLID (TITLE) (1) 


TITLE 

[ water 

SECID _ ELFORM АЕТ 

[ 12 vio v 

A Solid section properties for Water and Air Domain 

TITLE 

| Fuselage 

SECID — ELFORM НЕЕ МР PROPT — OR/RD|e| ICOMP 5ЕТҮР 

[E [2 [бою || |1 Уо o [т ~) 
Ii 12 I3 T4 NLOC MAREA IDOE EDGSET 
[0.000000 |[о ооѕоооо [00050000 [00050000 [oo — [ш oo — |» ] 


A Shell section properties for Fuselage 
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Element configuration of ALE domain 


There are various methods of selecting the element formulation of the fluid domain. In the ALE 
analysis, the water and air areas can be selected as the following ELFORM using 3D solid 


elements. 


= ELFORM 1 = Constant stress solid (applies to typical Lagrangian models) 

= ELFORM 5 = 1-point ALE (one property applied to the ALE area) 

= ELFORM 6 = 1-point Eulerian (one property applied to the Eulerian domain) 

= ELFORM 11 = 1-point ALE multi-material element (applies multiple properties to the ALE 
area) 


= ELFORM 12 = 1-point ALE single material with void 


In the workshop model, all the properties of water were applied to the ALE domain and the air 


area was set to Void, so a solid element with ELFORM = 12 was applied to the ALE area. 


Define properties of the part by applying the created properties and section as shown below. 
Water and Air apply similarly and Fuselage selects shell section and rigid property. 


= Keyword Manager — Part — SECID, MID (see image) 


*PART_(TITLE) (3) 
1 TITLE : 
Fuselage Fuselage 
2 PD SECIDe| MID EOSID'*| HGIDe| GRAV ADPOPT|e! ТМ e 
1 IE [2 0 0 [o v|[o 0 
*PART (TITLE) (3) 
1 TITLE 
water | 
2 PID SECIDe мр sple! Heme] GRAV ADPOPT|e| TMID e 
2 1 1 1 [o 0 хо [о 


A Define part properties (same for water and air) 


|] Boundary / Loading Condition 


In this step, the helicopter's fuselage velocity is set using * Initial Velocity and the air zone is 

defined by * Initial Void Part. 

= M Model and Part — Create Entity — Initial Velocity | Cre — Select whole fuselage, Vy=-8m/s 
— Done 


= Keyword Manager > Initial | Void Part — Select Air — Done 
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A Initial velocity set up 


The next step is for Lagrangian fuselage parts to establish contact conditions with the 
Eulerian surface. In *Constrained Lagrange In Solid, select the ALE area as the Master 
and then helicopter fuselage as the Slave. Set Water and Air to one Part Set and define them 
as shown below. CTYPE is an option for contact algorithm and input CTYPE - 4 which is 
the contact condition between Shell and Solid using Penalty Method. 

= Model and Part — Create Entity — Set Data | Set Part | Cre — Select all Air and Water to 


set Single Set — Done 


= Keyword Manager — Constrained_Lagrange_In Solid — STYPE=1, MTYPE=0, select 


fuselage for a slave, ALE for a master, CTYPE=4 — Accept 


*CONSTRAINED LAGRANGE IN SOLID (1) 


1 COUPID TITLE 

C 
2 SLAVEle| MASTER |e| SSTYP MSTYP МОЏАР PE DIREC MCOUP e 

г шж-=- O 
3 START ЕМ peace] FRIC FRCMIN NORM NORMTYP DAMP 

[00 [1.000e+10 |[0.1000000 [o.o |[0-5000000 |e | |[9.00000оо | 


A Define contact condition in *Constrained_ Lagrange _In Solid 


One thing to note is that the shell normal direction of the structure in which the collision 
occurs in the water domain must coincide with the direction of the collision. Use Normals — 
Shell to align the normal direction. If Show Normal is selected, the shell's normal orientation 
appears as shown. The parts of the shell that collide with the water domain should be aligned 


to match this normal direction using Reverse Normal or Align option. 
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Entity Type: | Shells vll 
® Show Normal 
O Reverse Normal 
О Align 


V-Size JS 


(€) Compliment. ODimmed 


Airbag Shell RG Airbag Node RG 


Gear | Reverse  AutoRev 


A Define Shell Normal Direction 


Types of Fluid-Structure Interaction (Coupling of ALE and Lagrangian) 


The FSI, which is the interaction between the fluid region and the structural region, can be 
classified into three types and the contact condition setting method for the interaction is 
different. In the exercise, *Constrained_Lagrange_In Solid was used because the 


Lagrangian structure collides with ALE water domain 


= When a Lagrangian structure collides with a Lagrangian object 


— * CONTACT (How to set the contact condition of a collision between general structures) 


= When an ALE object collides with an ALE object 


— Merged Nodes (called Advections as the material transfer as the nodes of the boundary 


overlap each other) 


= When Lagrangian structure collides with an ALE object, 


— Use * Constrained Lagrange In Solid to set the contact condition. 


In the *Constrained Lagrange In Solid keyword, if ALE and Lagrange areas are 
defined, LS-DYNA calculates the coupling force for the depth penetrated by the 
penalty method while searching for the intersection in the analysis process and then 


read the boundary again as the interpretation proceeds. 
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| Analysis Condition 

The following steps are done to set the analysis condition. Create a basic control card for 
ALE and set the analysis end time to 0.2sec. Database FSI is an option to extract data 
generated through fluid-structure interaction during the embarking process. * Control ALE 
is a keyword that activates and adjusts the interaction between ALE areas and applies the 


default value. 


* Control | Termination — ENDTIM = 0.2 
* Control | ALE — Default 
* Database— ASCII option — DT=0.001, GLSTAT, MATSUM, NCFORC 


* Database— FSI — DT =0.001, STYPE=1, Select fuselage — insert 
* Database— BINARY D3PLOT — NPLTC-50 


This completes the modeling of the water landing analysis of the helicopter body. 


| Analysis Result 


If you proceed with solving the water landing analysis, with an I7 CPU with 16G Ram PC 
will take at least 1-2 hours. After the analysis is complete, open the D3plot and check it. To 
check the deformation of water in the ALE domain, select Assembly and Select Part — 


Fluid (ALE) to see the deformation of the water domain. 


A Check the Water Domain deformation area in Post-Processing, select Fluid (ALE) 


The figure below shows Fringe Component — NDV | the result velocity and Misc — 
Fluid density are checked through the cross-section. You can check the shape, speed, and 


density of water in the process. 
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799999399 


A Result Velocity and Fluid Density Distribution in Post-Processing 


In addition, the kinetic energy distribution extracted from the Fuselage part can be confirmed 
as follows. The water impact acceleration curve shows about 1.5kJ which shows a rapid 


decrease in kinetic energy. 


2 LS-DYNA keyword deck by LS-PrePost 
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Y-Rigid Body Acceleration (Е+3) 


0 | 0.05 | 0.1 | 0.15 | 0.2 

A Kinetic Energy Distribution of Helicopter Fuselage Parts 
Since the helicopter fuselage is modeled as a rigid body in this exercise, the deformation of 
the fuselage cannot be confirmed, but the magnitude of the pressure acting on the surface of 
the fuselage can be extracted through DBFSI. In the Post Process, select ASCII — DBFSI | 


Load — Average Pressure — Plot allows you to plot the average pressure at the surface as 


follows: It can be seen that the average pressure gradually decreases from 180 kPa. 
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A Average pressure distribution extracted from helicopter fuselage landing surface 


Reviewing the results of the analysis in the macroscopic aspect, it can be seen that they are 
somewhat different from the actual phenomena. First of all, the influence of the end face in 
the water domain should be minimized. In the practice, the repulsive force of the water area is 
greater than the actual behavior due to the influence of the end face. In this practice workshop, 
the emphasis was placed on the overall interpretation process and the understanding of the 
application principle of ALE rather than worry on scientific analysis accuracy. Additional 
analysis is recommended to perform by increasing the ALE domain area more than two to 
three times. 

In addition, since it was modeled as a rigid body, the surface pressure due to the impact load 
could be calculated, but the deformation and damage of the fuselage could not be obtained. 
So, let's import the provided model W12 Water ALE Elastic.k in LS-Prepost. The only 
difference from the previous model to this is that the size of the entire model is reduced to 
only a partial frame area and the physical property model is changed to * 
MAT024 Piecewise Linear Plasticity (from Rigid to aluminum properties). Since the 
ALE area is very small, we adjusted some water properties to eliminate negative advection 
errors. Proceed with the analysis and examine the results. It can be seen that von mises stress 
occurs in the helicopter fuselage structure having elastic characteristics so that deformation 
and breakage occur. In order to identify the weak spots at the onset load of the structure, 
elastic properties should be applied. In the case of the flexible analysis of the deformable 


structure and the fluid, it will take considerable analysis time. 
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*MAT. PIECEWISE LINEAR PLASTICITY (TITLE) (024) (1) 


TITLE 
| Ai7075 

MID RO E PR SIGY ETAN FAIL TDEL 
[3 2580.0000 [[7.200е+10 0.3000000 5.000е+08 8.000е+09 0.0025000 0.0 


A Aluminum property of helicopter body 


A Analysis Model and water landing analysis for partial frames with elastic properties 


IBJ 


A Element deletion due to excessive Von mises stress 


So far, we have analyzed the water landing analysis of the helicopter body using the ALE 
technique. This was a practice model used to learn the ALE analysis technique and I hope 
that you have some understanding of ALE's application concept. The ALE analysis technique 
is a very effective analysis technique that can be used in many industries where large 
deformation occurs. For example, this technique can be useful in various fields such as a 
collision of ductile materials such as bird strike or dropping of a fuel tank, analysis of plastic 
processing phenomena such as forging or stamping and also a collision of fluid and structure 
such as sloshing of liquids. I hope you understand this ALE scheme and apply it 
appropriately. 
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Negative Volume Error 


Perhaps a minor mistake in the modeling process will result in a Negative Volume Error message. If 
the collision part is subjected to very severe deformation, this error message occurs, when the volume 
is calculated as a negative value. This error often occurs when Failure Criterion is not set. This error 
is inevitable if the mesh size or the remeshing or smoothing technique is not applied. So how do we 
resolve this error? First of all, it is most effective to set the failure criterion, that is, the option of 
excluding the element from the calculation process when a failure threshold is reached by setting the 


failure criterion. 


* Set ERODE = 1 in Control Timestep to delete the corresponding element of Negative volume. Also, 
if you enter a non-zero value for DTMIN in * Control Termination, in most cases, the element 
corresponding to the negative volume is deleted and the analysis continues. Another useful tip is to 
apply Hourglass option 4 or 5 when using a solid element formulation to make the element stiffen in 
large deformations, slowing down the creation of negative volumes. Of course, even with Erode and 
DTMIN, negative volume errors can occur for many different reasons. Hourglass will be discussed in 
detail later, but for low-speed collision analysis (~ several cm / s) it is better to use type 6 hourglass 
and for high-speed collision analysis (~ several m / s) use type 2 and 3 to reduce the possibility of 


negative volume error occurrence. 
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Chapter К] Explosive Analysis 


ey eu ou eq у «у «у A 


| Objectives 

Y Learning the concept of explosion analysis 

Y Practicing the procedure of *Load Blast Enhanced keyword 
Y Demonstrating explosion load analysis results 


| Duration: 60 min 


| Application: Defense, Blast Loading, Vehicle 


| Model files 

* W13 Vehicle Mesh.bdf: Vehicle mesh model (Nastran) 
e W13 INITIAL Vehicle Mesh.k: Initial state model 

e W13 SETUP BlastVehicle.k: Final state model 
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| Introduction of Explosive Blast 

Due to the recent increase in terrorist activity, threats havocked by terrorists using explosives 
on vehicles, aircraft, buildings, etc. are gradually increasing. One of the important functions 
of LS-DYNA is the simulation of such explosives. Explosion analysis using LS-DYNA is 
widely used in the design of many military vehicles and other military installation facilities 
and it is also a hot topic of analysis field in many user-conference. In fact, many accidents 
have occurred in the war against Iraq, the war against Afghanistan and the IS sweeping 


operation. 


A round Explosion Test on Armored Vehicles 


LS-DYNA provides three analysis methods for blast loading analysis. The method is based 
on an empirical method called *Load_Bast_Enhanced (LBE), which uses the CONWEP 
explosive analysis method described in the US Army Handbook. The other method is to 
apply Arbitrary Lagrangian-Eulerian (ALE). The other method is the Multi-Material 
ALE which combines the above two and the other is *Particle Blast method using SPH. In 
this chapter, we will practice an analytical model in which the mines explode on the 


underside of armored vehicles using the *Load_Blast_Enhanced method, which is relatively 


easy to apply. 


First, a physical understanding of the phenomena is necessary for the interpretation of the 
explosion. When explosives explode in the atmosphere, tremendous energy is transmitted in 
the form of pressure to the target through the surrounding air as an incident shock wave. The 
transmitted shock wave is converted into a reflected shock wave and the definition of this 
waveform is set to Blast Loading. * Load_Bast_Enhanced keyword can be applied to 
Lagrangian structure directly by simply setting shock waves using weight, distance, and 


position of explosive. 
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Charged mass : 


“Incident wave 


Target 


A Blast Loading Concept 


Reflected Incident Wave has several theories, which are defined by Friedlander's empirical 
formula, the simplest but most practical. Load_Blast_Enhanced can simply simulate the 
explosion in the atmosphere for spherical TNT explosives in general. 


Example Friedlander Waveform 
Pressure (kPa) 


t 
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A braph of time with Reflected Incident Wave 
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Workshop 13. 
Ground Explosion Analysis for Vehicles 


| Introduction 

In the explosive analysis of the vehicle, a simplified armored vehicle model is used. It is a 
vehicle made of the high strength steel plate and the simplified model is composed of the 
shell elements. In fact, the model is similar in size to the vehicle used on the battlefield. 
During the actual operation, the explosion on the rear side caused a lot of damage to the 
vehicle as well as the occupants. Therefore, the research on the explosion protection design of 
the rear part is being actively conducted. According to the research results, backplates of 
various types (bubbles, wedges, sandwiches, trusses, etc.) are designed, because the greatest 
damage occurs when the blast shock wave is transmitted perpendicular to the plate. This 


model is an armored vehicle equipped with a wedge-type bottom protection plate. 


A. Mine explosion model for armored vehicles 


The most common cause of the explosive threat of armored vehicles is the self-made 


explosive IED. When an IED explodes on the bottom of the vehicle, a severe deformation or 
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hole is made in the floor plate and the shock wave propagates inside, causing severe damage 
and also injuring the occupant by splashing the debris. In addition to this, a sudden movement 
of the vehicle may cause serious damage such as a collision to nearby vehicles or ignition of 
internal flame from the fuel. Shock wave pressure that can damage the human body is known 
to cause irreversible damage to the lungs when the pressure is 200kPa or more. In general, the 
shock wave of a single grenade explosion is known to be 60 — 70kPa. The key to the design 
of the protective plate is to absorb and disperse the explosion pressure as much as possible so 


as not to penetrate the inner vehicle hull from the expected explosion threat. 


Vehicle contour 


fragments/flying debris 


thermal effects 
a 


kinetic ener, 
a d 


local 
deformation 


ATI 


pressure and detonation effects soil, rocks etc. 


A Concept of a vehicle and occupant damage due to IED (Stankiewicz et al. 2015) 


In this exercise, the explosion analysis was performed assuming that about 50kg of antitank 
mine TNT explosives that would explode on the ground where the armored vehicle is located. 


The unit system is applied to the meter system considering the size of the vehicle. 


* Unit: m, sec, kg, N, Pa 
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i Import Mesh 

Import the model ‘W13_mesh.k’, here the mesh is already created for the explosion analysis. 
The model is created by CAD program including the mesh and then imported as a Nastran 
model (* .bdf). If you import *W13 Initial Vehicle mesh.k', a mesh model consisting of six 
parts will appear as shown below. If you import the attached W13 VehicleMesh.bdf model, а 
single part model is generated. Then, segregate this model into six parts as shown below 


image. 


Pp pepeapeg сусу y 


A B-part vehicle model (Explode view) 


| Material Property 

The material of the vehicle is assigned using MAT 003 Plastic Kinematic properties 
containing high strength steel data. Define FS (Fail Strain) = 0.0015, which enables the 
element to be removed when the deformation reaches Fs by compression wave. Because it is 
a simplified model, it was applied to the body as a single material and only the bottom plate 


was applied with increased thickness (80mm). Ground plane applied Rigid properties. 


= Keyword Manager — MAT | 020-Rigid — steel material properties for plane 


= Keyword Manager — MAT | 003-Plastic Kinematic —steel material properties for structure 


*MAT RIGID (TITLE) (020) (1) 


RO E PR N COUPLE M ALIAS 
k 7850.0000 ||2.100e+11 0.3000000 |00 0 “|00 


A MATO20_ Rigid Properties 
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*MAT PLASTIC KINEMATIC (TITLE) (003) (1) 


TITLE 
1 MID RO E PR SIGY ETAN BETA 
h 7500.0000 ||2.100e+11 |/0.3000000 ||1.200e+09 ||1.100е+10 [0:0 
2 SRC SRP ES УР 
0. 0.0 0.015000 | 0.0 v 


A MATÜUS Plastic Kinematics Properties 


| Element Property 


After defining the properties, the properties should be assigned to the target part accordingly. 
First, define the section characteristics of the vehicle composed of shell elements. Enter 
ELFORM = 2. Two sections are created: the vehicle chassis thickness is 50mm and the 


bottom plate is 80mm. 


= Keyword Manager — Section Shell — ELFORM=z2, create 2 sections (thickness 50mm, 


80mm) 
"SECTION SHELL (TITLE) (2) 
TITLE 
1 SECID ELFORM  SHRE NIP PROPT OR/IRIDe| ICOMP SETYP 
1 2 w ||1.0000000 ||2 1 м |0 0 vl v 
28 T2 T3 T4 NLOC MAREA IDOF EDGSET 
0.0500000 |/0.0500000 ||0.0500000 ||0.0500000 |00 0.0 0.0 0 


A Shell section properties for vehicle chassis (50тт) 


Update the part properties by applying the created material properties and section as shown 
below. Since this is a simplified model, set the thickness as 50mm section for all vehicle parts 
except for the thick plate part and set the 80mm part only for the thick plate part. Ground 
planes define Rigid properties, and all parts of the vehicle are defined using MAT003 


properties. 


= e Keyword Manager — Part — SECID, MID (see image) 
*PART_(TITLE) (6) 


ТТЕ WheelSet 


BodyPlate BlastPlate 
- ReinforcePlate 
? PID secip'e| мр] osme] Hc GRAV ADPOPT|e| тм |е ThickPlate 
1 1 [1 0 [o 0 [0 0 plane 


A Part setup 


| Mass / Element Generation 
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Since the weight of armored vehicles is one of the main factors affecting the explosion 
analysis, it creates a dummy mass element to make the weight of the vehicle more for a 
realistic approach to the physical model. First, set the weight of 50kg on the wheel and set the 
specific area of 2kg per node inside the vehicle to simulate the weight of the components 
inside the vehicle. When dealing with a model consisting of multiple parts like in this 
exercise model, it is easy to model internal components by expanding the model tree on the 


left of the viewport and using it as shown below. 


Lf Ej 


A Model tree structure 


= Model and Part — Create Entity — Element | Mass — Cre | Mass = 50kg — Select nodes at 
the center of the wheel(6) — Apply 
= e Model and Part — Create Entity — Element | Mass — Cre | Mass = 2kg — select small are 


in the Reinforce plate (4) — Apply 


A kg mass element (wheel), 2 kg mass element (internal gusset) 


| Boundary Condition 


The ground plane is fully restrained as shown in the figure. 
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= Model and Part — Create Entity — SPC | Cre — Sel. Node | Area — Select plane and check 


DOF — Apply 
| Entity Creation x 
| =) Airbag Qshow @Cre СО) Мод CO Del 
ShellRefGM 
+) Application | None 
=) Boundary 
Spc (€) Set O Node 
Prescribed Motion(BPM) Auto Merge | Convert Hodge TR 
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ii Constrained Cylindrical CS Z 
+ Contact Symplane — AllFx[111111 ~ 
H- Damping 
Database X Үг RC RY Z 
+- Define га | M^ " v] NI 
+- Element Birth 0.0 


x 
© ta Death 1.0Е+20 
+) Rigidwall ср | 
+ Section ——— MÀ 
© Set Data NSID 3| Мема 


Apply Cance Write 


A Boundary condition setting screen 


After creating the boundary conditions, the most important load conditions are set. The load 
condition applied in this exercise uses three keywords as shown below. We use load Body_Y 
to the weight of the vehicle, Blast Enhanced to define the magnitude and location of the 
explosion load and Blast_segment_set keyword to define the target of the explosive as a 


segment. 


BLAST ENHANCED 
BLAST SEGMENT SET 


BODY Y A. Load Keyword 


The *Load Blast Enhanced keyword sets the weight of the explosive (TNT), M = 50, the 
location of the center point of the explosive (2.5, 0, 5), the explosive definition unit system (2 
= default, the SI [meter] unit system) and the type of explosion. If you want to use UNIT = 3 
(English unit), you need to input CFM, CFL, etc. in 2 columns to convert the data. Blast — 1 
means explosion on the ground surface and Blast — 2 means explosion in the air. In the case 
of an explosion on the ground, it is not necessary to define a direction of explosion because 
there is a difference in size considering the reflected wave. In this case, BID means the ID of 
the segment set that defines the part which the explosion load acts on. Therefore, set the 
entire vehicle as one segment set using *Set segment. Set the segment set like this in 


*Load Blast Segment set. 
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= Model and Part — Create Entity — Set Data | Segment — Area — select all vehicle — Apply 


= Keyword Manager — Load Blast Segment Set — select generated segment set 


"LOAD BLAST SEGMENT SET (1) 


1 вре SSIDe| ALEPID@® SFNRB SCALEP 
| 1 | 0 0.0 1.0000000 


[ 


A load Blast Segment setup 


= Keyword Manager — Load Blast Enhanced — input values(see image) 
*LOAD BLAST ENHANCED (1) 


1B M XBO YBO ZBO TBO UNIT BLAST 


| | 50.000000 2.5000000 0.0 5.0000000 0.0 2 3 vil v 
2 CH CFL CFT CFP NIDBO/€| DEATH NEGPHS 
0.0 0.0 0.0 0.0 0 1.000е+20 0 v 


A load Blast Enhanced setup 


To set the gravity load on the vehicle, i.e. the magnitude of the acceleration due to gravity is 
created through *Define Curve. Create the defined curve so as to be uniformly 9.8m / s 
during the analysis time, select LCID created in * Load Body Y (consider the vehicle 


alignment direction) and enter the gravity direction SF = -1. 


*DEFINE CURVE (TITLE). (1) 


TITLE 
[ Weight 
LCID SIDR SFA SFO OFFA OFFO DATTYP 4g LSDYNA keyword deck by LS-PrePost 
1 0 У | 1.0000000 | 1.0000000 ||0.0 00 0 ü | 
Repeated Data by Button and List T | 
— s 
1 E =| 
Al m $ 10 eee 
af | | 
| 0.0 [es 
id 
ro0n— — Data Pt, 1 LoadXYDa « 
2 1.0 9.8 0 02 04 0.6 0.8 1 
Abscissa 


= Keyword Manager — Load Body Y — input curve ID and SF (see image) 


*LOAD BODY Y (1) 


1 1ср/е SF LCIDDR'e| XC YC 7С cpie 
[\ |[--ооооооо fo [o.o 0.0 | 0 


A load Body Y setup 
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| Contact Condition 
The contact condition is defined using * Contact Automatic Oneway Surface to Surface, 


which is a simple contact condition between the wheel part of the vehicle and the ground 


plane. 
*CONTACT. AUTOMATIC. ONE. WAY. SURFACE TO. SURFACE (ID/TITLE/MPP) (THERMAL) (1) 
bo | 1 
COMP: C MPP2 
2 R PARNI 
2 1 
3 
1.0 D 

4 sspe] msipfe] ssrYP MSTYP  SBOXID/€| MBOXID/e| SPR MPR 

| | $ S 5 y 

2 м : 3 [ [e Jo о 
5 ES FD DC ус voc PENCHK ВТ DT 


І [00 [оо [eo ]e v [oo ] [1000620 i 


A Contact Condition setup 


| Analysis Condition 
The following step is to set the analysis condition. The analysis end time is set to 0.006 sec in 
consideration of the time when the shock wave is transmitted to the bottom plate and 


propagated throughout the vehicle. 


= Control | Termination — ENDTIM = 0.006 
= Database ASCII option — DT=2e-5, GLSTAT, MATSUM, NCFORC 


=  Database— BINARY BLSTFOR DT =2е-5 
=  Database— BINARY D3PLOT — NPLTC=200 


After this step, the explosion analysis model for the vehicle has been completed. 


| Analysis Result 

If you proceed with the analysis by submitting the calculation on a good PC (I7 CPU, 16G 
ram), it will be completed within 20-30 minutes. If you check the log screen during the 
analysis, you can see that the enhanced blast max pressure 0.73GPa occurred in 0.4e-4 
seconds when the shock wave reached the model. You can also see how elements fail. 
Typically, a shock wave of about 10 kPa breaks the window and causes the deformation of 
the metal. Considering that the shock wave is about 100 kPa, it can be seen that a huge 
amount of explosion pressure has been generated considering that the pressure is enough to 


puncture the metal. 
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stimated total cpu time 
ted cpu time to complete 
ted total clock time 
estimated clock time to complete 
termination time 
12 t 1.8610E-05 


e d3plot file 


e blstfor file 


A Analysis Progress Log Screen 


After the analysis is complete, open the D3plot to check the bottom plate for damage. As 
shown in the figure below, the 80mm steel plate directly above the explosives is completely 


destroyed. You can see that the inner plate is completely broken in a cross shape between the 


weights. 


A 0.001sec A 0.002sec 


| 


A 0.004sec A 0.006sec 
A Damage Progress of bottom Plate by Explosion 
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A Damage Progress af Internal Plate by Explosion 


The figure below shows the kinetic energy (red), internal energy (green) and pressure 


distribution fringe pattern throughout the vehicle system. 


5 LS-DYNA keyword deck by LS-PrePost 


9F954e*08 
1.596e*08 
1.237e*08 
8.787e*07 
5.203e*07 
1.618e*07 


Global Data (E+6) 


-1966e*07 _ | 


Time (E-03) 


A Kinetic / Internal Energy Distribution and Pressure Distribution 


Let's open the BLSTFOR file. The BLSTFOR file is the result file that stores the data 
related to the explosion. Only the result of the part set as Blast Segment in the model is 
saved. Key data includes wave index, pressure, incident pressure, the mass density of air and 
blast wind velocity. The figure below shows the result of the incident pressure propagating 


through the car body. 


А Kinetic / Internal Energy Distribution and Pressure Distribution 
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In the BLSTFOR output file, select History and plot some of the elements in the area where 
the shock wave is transmitted as shown below. We can see that the distribution of shock 
waves over time is almost similar to that of Friedlander, which was introduced earlier in this 
chapter. DT is set to 2e-5, but much smaller than this, you will see a more accurate 


distribution. 


3.600407 | 


Part 
ORNodal 3.150e«07 | 
O Scar 2.700e+07 | 
O Vol Fail 
s [Along Path 
Wave index (Blast: 


Mass density of air 


|z st wind 
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Global 
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@Popup О Мап 


Clear Raise 


Incident pressure, Pi (E+6) 


Time (E-03) 


A Incident pressure distribution over time 


This workshop model demonstrated the basic procedure of analyzing explosives using 
*Load_Blast_Enhanced. Experiments on structures for explosives are quite limited in many 
respects and this numerical approach is widely used in the design of the structure. However, 
because the phenomenon of the explosion itself has considerable nonlinearity, in order to 
improve the reliability of the analysis results, it is necessary to correct various variables and 
compare them with the available experimental data. Recent studies show that explosive 
analysis using Multi-Material ALE (MMA) or SPH method in order to get more realistic 
results. I hope this course has helped you understand the basic explosive analysis. Readers 
who are interested in the explosive analysis are advised to review the experimental data 


because a significant amount of research is available online. 
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Chapter 14. Random Vibration Analysis of Bogie Frame 


1.225е+01 _ 
8.962е+00 _ 
5.677e*00 _ 


| Objectives 

Y Learn the concept of fatigue analysis and fatigue properties 
Y Modeling Random Vibration of Structures 

Y Modeling railway Bogie structures 

Y Understand the fatigue life analysis 


| Duration: 60 min 


| Application: Vehicle, Random Vibration, Fatigue Analysis 


| Model files 
e W14 INITIAL Bogie Mesh.k: Initial state model 
*W14 SETUP Bogie Random Fatigue R8.k: Final state model 
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і Fatigue 

Fatigue damage is one of the most significant damage mechanisms for any mechanical or 
electronic parts, but it is still designed without understanding the concept of fatigue damage 
in mechanical design. Fatigue is a mechanism in which tiny damage accumulates due to 
repetitive loads, which causes cracks and these fatigue cracks propagate to reach critical 
points and finally the breaking parts. In the aviation field, the concept of Durability and 
Damage Tolerance Analysis (DaDTA) is applied to the design of the structures. However, 
more than 7096 of defects and accidents in aviation components are caused by fatigue 
cracking. On the other hand, ground transportation such as cars, trains, ships, etc., or 
buildings, etc. do not adequately reflect the concept of fatigue cracks in the design and often 
big accidents occur. The figure below shows a typical fatigue crack cross-section and also a 


picture of an Aloha 243 aircraft accident that undergone a typical fatigue failure. 


Fatigue 


* Fracture surface with 
crack initiation at top 
Surface shows 
predominantly dull 
fibrous texture where 
rapid failure occurred 
after crack achieved 
critical size. 


* Fatigue failure 
1. Crack initiation 
2. Crack propagation 
3. Final failure 


— 


A Fatigue Crack Cross Section and Fatigue Damage Case 


LS-Dyna has been providing fatigue analysis since the R7 version. Fatigue analysis can be 
performed in two domains, the time domain, and the frequency domain. In the frequency 
domain, it can be analyzed in two ways: random vibration and harmonic vibration. Since the 
theory of fatigue analysis is very vast for one-semester class, the theory cannot be described 


in this chapter, so only simple concepts necessary for interpretation are explained. 


Currently, LS-DYNA is the most used in the automotive industry and the analysis areas 
required for the design of automobiles include fields such as crashworthiness, occupant safety, 
NVH, and durability. The vibration and durability analysis functions have been supported in 
DYNA. The chart below shows the NVH functions provided by DYNA and the area covered 


in this exercise is random vibration fatigue analysis in the frequency domain. 
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*Rayleigh Method *FRF ‘Random Fat 
*Kirchhoff Method *Random Vibration *SSD Fati (Е oe ) 
ачы Poi «Time Domain Fati 
*BEM *Response Spectrum же 


In general, fatigue analysis is stress-based and strain-based. The optimal approach should be 
selected in consideration of the operating environment of the structure and the tendency of 
the working load. In this exercise, we will apply the stress-based fatigue analysis to practice 
the random vibration fatigue analysis on the Bogie structure, which is the main structure of 


railway vehicles. 
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Workshop 14. 
ША Random Vibration Fatigue Analysis of Bogie 


| Introduction 


The bogie of the train is an important component frame structure that connects the carriage 
and the rails on the ground. The bogie will also be equipped with the wheels of the train and 
carries the load on the carriages. It is a structure that requires fatigue analysis because it 
needs to operate on a non-uniform train rail for a long time. In particular, the fatigue due to 
the standardized load spectrum should be considered, but the random fatigue analysis caused 


by the vibrations from the structural characteristics of the rail and various forms of the 


ground must also be performed. 


= 


A Typical Train Bogie System and Practice Bogie Model 


Resonance of structures caused by the influence of external excitation is a major factor that 
causes the structure to break regardless of the magnitude in the static load regime. Such 
fatigue analysis methods considering dynamic loads include transient response analysis, 
vibration fatigue analysis, modal superposition method and sometimes the combination of 
these. In this exercise, we will practice the random vibration fatigue analysis in the frequency 
domain to train view structure. The bogie structure of railway vehicles is designed to 
maintain static and fatigue strengths according to international standards and also to maintain 
natural frequencies above a certain frequency to avoid resonance. The vibration durability 


analysis considering the resonance frequency will be performed to calculate the durability life. 
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Why do we need random vibration durability analysis? 

Loads from operating environments in various engineering fields such as railroads, aircraft, 
ships, buildings, various electronic and mechanical components are almost impossible to 
predict accurately. In recent years, many sensor technologies have evolved to make it 
possible to identify an operating environment that has relative effects on the durability of a 
structure, but there are still many limitations in precise measurement and analysis of vibration 


environments. In particular, the analysis in the frequency domain is much more difficult. 


For example, huge wind turbine blades, various control surfaces of aircraft exposed to 
turbulence, turbine engine exhaust vents, offshore structures, rough road vehicles, and high 
speed along uneven railroad tracks. In many cases, such as trains and structures exposed to 


earthquakes, it is difficult to accurately measure vibration by frequency domain. 


Although accurate life prediction in these structures is the most important factor in securing 
safety, we have been informed through many news cases that it is overlooked and leads to 
major accidents. In this respect, it can be said that random vibration durability analysis is 


important. 


A Italian bridge accident (2018.9) 
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l Importing Mesh 

Import the model W14 Initial Bogie mesh.k from which the mesh is already generated for 
the railroad Bogie analysis. The model created with four components (Main frame, cross 
beam, front beam, bracket) will be displayed as shown below. Bogie structures are all made 
of shell elements and the connection between parts is made based on welding and in the 
model, nodes are created to share nodes with other parts that help to maintain the model 
connectivity. Basically, it is important to prove the durability satisfaction in the design 
process because the fatigue life prediction of the Bogie structure of railroad cars can ensure 
safety for passengers by securing safety and reliability. The unit system of the analysis model 
is as follows. Care must be taken while setting the frequency domain or entering the property 
values. 


= Unit: mm, ms, kg, kN, GPa 


A Meshed Bogie Structure 


| Material Property 

The Bogie structure is modeled as a shell element made of SAE4130 Steel. The physical 
properties model adopts MAT24 Linear Placticity. And, the stress-cycle curve (s-n curve) 
required for fatigue analysis is set in * MAT Add Fatigue. There are various ways to set the 
s-n curve. There is a method of making a table directly and inputting it, also a method of 
inputting a graph through Define curve and even a method of expressing a formula. In the s- 
n curve, n means cycle and s means stress level. In general, the s-n curve is expressed on a 


logarithmic scale. Structure Mesh Model 


e Keyword Manager — MAT | 024-Piecewise Linear Plasticity —Input properties 
* Keyword Manager — Define Curve — create s-n curve 


* Keyword Manager — MAT | Add Fatigue — select curve іп LCID 
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*MAT PIECEWISE LINEAR PLASTICITY (TITLE) (024) (1) 


8. 
n EE шшщ отта E 


A MAT Linear Plasticity Properties 


TITLE 


1 LCD SDR SFA SFO OFFA OFFO DATTIYP LCINT 
2 0 м || 1.0000000 1.0000000 0.0 0.0 0 м |0 
Repeated Data by Button and List 

Al 


2 100008 


cere [тє | ке [=] o: 


4 9,9999997952е+10 0.35 


LS-DYNA keyword deck by LS-PrePost 


0.8 
07 
0.6 
2 
в 
Е 
505 
04 
93 наст: H + = 
100 10000 1е+06 1е+08 1е+10 
Abscissa 


A s-ncurve data and graph for SAEAfa[ Steel 


*MAT ADD FATIGUE (TITLE) (000) (1) 


Link DEFINE CURVE 


TITLE 


—— 


1 mipis LCIDe| (ТҮРЕ SNTYPE 
[dp  ]w eme e je хр 


Repeated Data by Button and List 


1 PSD Acceleration 


А MAT Add Fatigue input 
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s-n curve 


The figure below shows the s-n curve of the material SAE4130 steel used in this analysis. 
The s-n curve is the most important data for fatigue analysis. The x-axis is the cycle under 
load and the y-axis is the magnitude of the stress amplitude that acts repeatedly. To put it 
simply, it is a graph showing the correlation between the cycle and the magnitude of the 


stress amplitude until the structural member breaks. 


tensile strength 


8 cycles to failure 


N (cycles) 


The ‘s-n curve’ was developed by the German scientist August Wóhler, while investigating a 
railway vehicle accident in 1842. At that time, the accident was found to be broken by 
repeated small loads acting on the Axle of the railway. The process of crack growth was 
proved by the s-n curve. This is almost the same situation as the one covered in this exercise. 

As shown in the figure below, it is a graph that can identify the period in which breakage 
occurs by knowing the magnitude of the amplitude of the applied load. This graph can be 
made through fatigue testing of many specimens, which differ slightly depending on the 
various international standards for the test. In LS-DYNA, the input is available by *Define 


Curve or Equation. 


Fatigue Strength (Stress) 


1 10 100 1000 10000 100,000 1,000,000 10,000,000 100,000,000 


Number of Cycles to Failure 
log 


A. Typical s-n curve 
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| Element Property 

After defining the properties, it should be assigned in the target part. First, section shell is 
defined as follows for each part which is mainly modeled as shell elements. The thickness of 
each component is set to 5mm (Main frame), 4mm (cross and front beam) and 2mm 
(bracket). Once the material and section properties have been defined, set the material 


properties and section properties for the part. 


= Keyword Manager—Section Shell ELFORM-18, NIP=3, input 5, 4, 2mm repeatedly 
= Keyword Manager — Part — SECID, MID 


*SECTION SHELL (TITLE) (3) 


TITLE 

MainFrame 
1 SECID ELFORM SHI NIP PROPT ОВЛКІр |ж) ICOMP ЅЕТҮР 

1 18 х || 1.000000 ||з 1 |0 0 v1 v 
2 ті I2 I3 T4 NLOC MAREA IDOF EDGSET 


|5.0000000 5.000000 ||5.0000000 |5.0000000 |00 0.0 0.0 0 


As shown in the figure below, select and fix each of the nine nodes of the four areas where 
the front and rear wheel-axles of the main frame are mounted. 
= Model and Part — Create Entity — Element | Mass — Sel. Node | Pick — Select center 


nodes 2 in Main Frame(see image) — Mass=100 


Entity Creation x 
[GArbso | Oshow @cre Omod Opel 
ShelRefGM 
-Application Label: :MassValue 
i$ Boundary - 
©- Constrained Mass) 104 


> Contact PID 
& Damping 
t- Database 
-Define 
E Element 
Beam-End Release 
Mass 


~ Seatbelt Accelerometer 
E- Initial 
®-Load 
> Rigidwall 
-Section 
-Set Data 


A Mass element setup 


| Boundary Condition 


As shown in the figure below, select and fix each of the nine nodes of the four areas where 


the front and rear wheel-axles of the main frame are mounted. 
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= M Model and Part — Create Entity — SPC | Cre — Sel. Node | Pick — select nodes located in 
Frame(see image), 6 D.O.F all check — Apply 


A Boundary Condition Setup 


Gravity acceleration is set to apply the effect of the self-weight of the bogie for the natural 
vibration analysis. Use the * Load_Gravity keyword to set the gravity acceleration acting on 
all four parts about the y-axis as shown below. Gravitational acceleration is 9.8m/s? = 0.0098 


mm/m, so please pay attention to the unit system. 


= Keyword Manager — Load — Gravity Part — DOF=2, ACCEL=0.0098 — Apply (Part 4) 


*LOAD_GRAVITY_PART (4) 


ice ACCEL LCDR|€|  STGA STGR 


de —R- в рвов ер р 


А Load Gravity Part Input 


| Resonant Frequency Analysis Setup 

In the frequency-domain vibration durability analysis, the natural vibration mode must be 
analyzed beforehand. Natural vibration mode analysis is performed using the implicit 
approach. The natural vibration mode is analyzed in 10 modes of less than 1000Hz, which are 
the main vibration ranges of the railway and the extracted stress is applied in the endurance 


analysis. 


= Keyword Manager — Control Implicit Eigenvalue — NEIG 210, MSTRESS=1 
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* NEIG — Calculate the number of analysis modes of natural frequency, initial 10, MSTRESS » 


Select stress calculation (1 = calculation) 


*CONTROL IMPLICIT EIGENVALUE (1) 


1 NEIG. CENTER — LFLAG LETEND ВААС RHTEND ЕІСМІН SHFSCL 
ho 0.0 0 у ||-1.000е+29 |0 м || 1.000e+29 |2 v||0.0 


2 ISOLID IBEAM ISHELL ITSHELL MSTRES EVDUMP MSTRSCL 
0 0 |o 0 1 vio [0.010000 


= e Keyword Manager — Control Implicit General — IMFLAG=1, ОТ0=1, IMFORM=2 


* |IMFLAG P slect analysis type, Implicit=1 | ОТО > Initial step size1 ms 


*CONTROL IMPLICIT GENERAL (1) 


p 1] 10000000 |2 E: — E “Јо z a vllo 15 


= Keyword Manager — Control Implicit Solution — NSOLVR=1, DCTOL=0.005, ECTOL=0.05 


"Type of Implicit Analysis (1 = Linear) | DCTOL, ECTOL » Displacement and energy limits for 


convergence 
*CONTROL IMPLICIT. SOLUTION. (1) 
1 NSOLVR LMT MAXREF рСТОІ ECTOL RCTOL LSTOL ABSTOL 
1 "IE 15 0.000000 |[o.0s00000 |{1.000e+10 |[o.9000000 || 1.000e-10 
2 DNORM DIVERG ISUF NLPRINT — NLNORM D3ITCTL CPCHK 
2 v1 „|1 0 v||2.0000000 |0 0 v 
3 ARCCTL/€| ARCDIR ARCLEN ARCMTH  ARCDMP  ARCPSI ARCALF ARCTIM 
[o 0 [0.0 1 Р ZD 0 ig 
4 LSMTD LSD D SRAD AWGT SRED 
4 vila [оо [оо [оо [оо 


А Natural Frequency Implicit analysis condition setting 


| Random Vibration Fatigue 

This is the most important keyword in this exercise and it can be the most difficult part to 
understand if the reader does not have prior knowledge of fatigue analysis. As it is 
complicated, there are a lot of keywords cards involved. First, the MDMIN and MDMAX 
cards set the range of the vibration mode to apply to the endurance analysis. FNMIN and 
FNMAX likewise set the frequency domain to apply to the analysis. Since the unit of time is 
ms, pay attention to the input of the frequency unit. Since Hz, the unit of frequency, is 1 / s, 
0.1 means 100Hz and 2 means 2000Hz when considering ms, which is the unit of this model. 
In the second line, the size of the damping is set. In this model, DAMPF (modal damping 
coefficient — 0.03) 1s applied. 
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Keyword Manager — Frequency | Domain Random Vibration Fatigue — see image 
*FREQUENCY DOMAIN RANDOM VIBRATION FATIGUE (1) 


1 MDMIN MDMAX - ENMIN ENMAX RESTRT UNUSED RESTRM 
h 10 [oo ] 9.000е+04 |0 v|[o ] 0 v 
2 DAMPF LCDAM|® LCTYP DMPMAS DMPSTE DMPTYP 
0.0300000 ||0 0 [оо 0.0 о v 
3 VAFLAG METHOD UNIT UMLT VAPSD VARMS NAPSD NCPSD 
1 мр „|0 Моо 1 vl |1 | 0 
4 LDTYP IPANELU IPANELV TEMPER UNUSED LDFLAG 
0 м||0 0 0.0 0 о v 
Repeated Data by Button and List 
SID STYPE DOF LDPSD|e, LDVELe LDFLW|e, LDSPNe| Сре 
[0 [о 2 |. [o [0 IL 0 
a NN or 
Replace Insert 
Delete Help 
LOAD I LOAD J LCTYP2 LDPSDi е 10Р502 ж 
[ ] wW + 
| Data Pt. 
Replace Insert 
Delete Help 
METG NETG SNTYPE TEXPOS STRSF INFTG 
1 v |[-989 0 1.440е+07 |1 vio 


A Frequency Domain Random Vibration Fatigue Keyword 


The third line sets the load application conditions. VAFLAG is the card about what kind of 
load to apply the vibration and METHOD is how to set up the mode response analysis. In 
this model, we will analyze using Acceleration (VAFLAG = 1) and Superposition Method 
(METHOD = 1). VAPSD and VARMS are to set the format for requesting PSD and RMS 


output. The fourth line is to set up the excitation area. LDTYP = 0 means excitation using the 


frequency domain PSD. 


The table below shows the direction and size of the excitation. DOF = 2 means excitation in 
the y-axis direction and LDPSD is the card that sets the PSD for the excitation. Use 
Define_Curve to define the PSD you have. Create a PSD like the one below and configure it. 
The unit of PSD is g? / Hz and in this analysis, the unit of PSD unit is mm / ms’. SFO is a 


safety factor for PSD size and 2 is applied in this model. 


Keyword Manager — Define Curve — PSD, input following values 


*DEFINE_CURVE_(IIILE) (2) 


TITLE 


PSD Acceleration 
LCID SIDR 


SFA SFO OFFA 


OFFO 


1.0000000 


Ir Јо S 2.0000000 То 


|00 0 m 


Repeated Data by Button and List 


01 
015 | 


0.1 | 


Data Pt. 1 
Replace 


Delete 


ChangeXY 


Load XYData 
Insert Plot 
Help New 


Copy Paste 


0.7 


0.3 


LS-DYNA keyword deck by LS-PrePost 


0.5 1 


Abscissa 


А PSD curve generation 
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The last part is the area that sets the condition of the random vibration. MFTG is the part that 
sets the theory with random vibration, and NFTG is the part that defines how to set the s-n 
curve. In this exercise, the Steinberg 3 band technique is applied, which is relatively simple 
to apply Random Vibration. Since the characteristic of the s-n curve of the material is already 
defined as Add Fatigue in the material property, if -999 is set and the individual s-n curve is 
applied for each component, Table method should be applied. TEXPOS is the keyword to set 


the exposure time to random vibration. 1.44e + 7 ms means 4 hours of exposure. 


| NOTE | Steinberg 3 band theory 
The method of defining the random vibration load can be determined by various theories 
using the s-n curve rather than experimentally. In the LS-DYNA, various theories are 


provided. In this exercise, the Steinberg three-band method is applied. 


* Steinberg’s Three-Band Technique 

* Dirlik method based on 4 moments of PSD 
* Narrow Band Method 

* Wirching Method 


The Steinberg three-band method is a very simple theory that expresses the stress cycle 
distribution as a Gaussian distribution and calculates the stress response amplitude levels in 
the 1 sigma, 2 sigma, and 3 sigma areas and combines them to extract von mises stress for 
fatigue analysis. For example, the method of extracting stress acting on fatigue analysis is as 
follows: 
= From 1 Sigma to -1 Sigma, operating at 68.3% of total time 
= From 2 Sigma to -2 Sigma range, operating at 27.1% of the total time 
= From З Sigma to -3 Sigma, operating at 4.33% of total time 
Therefore, the stress levels in these three bands are calculated as follows: 

1 RMS X 68.3% 

2 RMS X 27.1% 

3 RMS X 4.3% 


1 RMS stress is the von Mises stress obtained directly from the structural analysis and 2 


sigma RMS and 3 sigma RMS are calculated using this. 
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The final cumulative fatigue damage index (Rn) is expressed as follows. As the theory is 
simple, there are many limitations, but it is a widely used technique for simply calculating 


fatigue life. 


N, Na 


R= E 0271 + ы Failure occurs when R, >С 


3 
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| Analysis Setup 

The following step is to done to set the analysis condition. The analysis consists of two steps. 
In the first step, the natural frequency analysis is performed for 1 ms. In the second step, 
fatigue analysis is performed by superimposing the stress calculated in the random frequency 
analysis. 

The fatigue life of the component calculated by the fatigue analysis is stored in a binary file 
called D3FTG. The following data is calculated and stored in the D3FTG file. Max Root 
Mean Square Stress, which is the stress level that calculates fatigue life, is calculated and 
stored in D3RMS file and D3PSD stores stress level by frequency in Power Spectrum 
Density calculated by analysis. 


D3FTG: Cumulative damage ratio, Expected fatigue life, Zero-crossing frequency, Peak- 


crossing frequency, Irregularity factor, Expected fatigue cycles 


= Control | Termination — ENDTIM = 1, DTMIN=0.25 
* ENDTIM is the time to terminate the analysis. Implicit frequency analysis is 1ms. 

=  Database— D3plot — NPLTC=10 

= Frequency Binary D3FTG — Binary =1 

= Frequency Binary D3PSD — Binary =1, FMIN=0.1, FMAX=2, NFREQ=5 
* Binary 7 1 is the output calculation request, FMIN and FMAX are the frequency range of the 
output and NFREQ is the output cycle. 

= Frequency Binary D3RMS — Binary =1 


This completes the process of generating a model for the natural frequency analysis and the 
random vibration fatigue analysis of the bogie structure of railroad cars. Save the generated 
model and compare to the provided model ‘#14 SETUP Bogie Random Fatigue R8.k* 


model. 


| Analysis Result 


After the analysis is solved, open the D3eigv file created in binary format to see the results of 
the natural frequency analysis. Check Eigen in the Animate option and check the natural 


vibration mode with frequencies from 1st to 10th mode. 
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Meigen Оһ: 10 ~ 58] 1.0 [ЕУ 10 |Freq: 0.289937 Моде) 10| 
C] Animate ld 4 iF >>! []Loop 
Ns Or. к=, 


А Animate setup 


LS-DYNA eigenvalues at time 1.00000E+0 
Freq= 0.28994 Pa aw paw, 4 
Contours of Resultant Displacement — Cy Up le^ P 2р а 
тіп=0, at node# 5385 
тах=66.3009, at nodes 7265 


Ini] 


Resultant Displacement 
6.630e*01 
5.967e*01 


A Ist Made shape at 289Hz 


Next, open the D3RMS file to check the calculated RMS stress level. It can be seen that the 
maximum stress was calculated to be about 106 MPa occurring at the center of the cross 


beam. This stress value is used to calculate cumulative fatigue life through Steinberg's 


theory. 


-182е-02 | 


2.121e-02 


A RMS von Mises stress distribution 


Next, let's check the PSD stress level. Since you entered NFREQ = 5 during the setup, the 
stress results in five frequency range between 100 Hz and 2000 Hz would have been 
calculated. By checking the individual stress levels, it can be seen that 166 MPa occurred in 


the bracket of the main frame at the frequency range where the highest stress occurred. 
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8.000e-02 | 
7.000e-02 | 
6.000е-02 | 
5.000e-02 | 
4.000e-02 | 


3.000е-02 


"1 , 
VUE" 


Animate 


ў LJ Eigen First: 1 |Last 5 пе] 1 |Freg: 011 Mode| 1] 
(J Animate EI 4B» Pl C] Loop 
75 дф ——. І 


A PSD von Mises stress distribution at 10092 


Open the most important D3FTG file in fatigue analysis. First of all, the cumulative damage 
ratio was calculated as the value of Damage 1 or more at the part where the front beam 
connected to the main frame and the bracket part. It is calculated by applying the Minor rule. 
If you select the Safe / Failed zone from the options, you can show the damaged elements in 


red and undamaged elements in blue based on Damage 1. 


3.000e-01 _ 
2.000е-01 _ 
1.000е-01 _ 
0.000e+00 af 


A Cumulative Damage Ratio Result 


Next, check out the Expected fatigue life. As shown below, the calculated distribution from 
4.7e + 5ms to 9e + 18ms (infinite life) is confirmed. Fatigue life itself has a very wide 
distribution in nature, so log-scale is mainly applied. It is easier to understand the fatigue life 
distribution by selecting a log10 scale from the Fringe Component option and plotting it on 


a log scale. 
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A Expected Fatigue life (lag scale: Right) result 


In summary, the lifespan of the front beam connection area and the central area of the cross 
beam is about 105 cycles, which is shorter than that of other areas. 

Thus so far, the frequency domain random vibration simulation provided by LS-DYNA has 
been analyzed for the bogie structure of railroad vehicles and the fatigue life of each part is 
calculated to identify the parts requiring durability supplementation. In general, when 
designing a structure exposed to vibration, analysis, and verification of fatigue characteristics 
are often overlooked, while intensively analyzing dynamic behavior based on strength and 
strain analysis. The fatigue analysis field requires a lot of personal learning because it can be 
reliably analyzed only when sufficient background information and a clear understanding of 


the target structure's operating environment are supported. 
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Chapter Їп. Ballistic Analysis of Woven Fabric 


| Objectives 
Y Learn the concept of bulletproof analysis 
Y Learn the structural modeling procedure of woven fabrics 


Y Understanding impact energy absorption mechanism. 
| Duration: 70min 

| Application: Defense, Woven Fabric, Ballistic impact 

| Model Files 


*W15 INITIALMODEL Mesh.k: Initial state model 
*W15 SETUP Fabric Impact Model.k: Final state model 
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i Introduction of Ballistic Impact 

There's a high-strength fiber called Kevlar. It’s an Aramid-based fiber having very high 
strength and its flexible fiber makes it a better choice for personal protective clothing or 
shock absorbing structure in aviation or automobile. It is widely used in sporting goods, too. 
In the production of body armor using such fibers, analyzing the shock absorbing 
characteristics according to fiber woven pattern is a key field in the design of effective 
protective clothing. Various commercial products such as Kevlar, Xylon and Heracron are 
used in a wide range of applications. There are various analysis methods for high-speed 
impact analysis of such high-strength fibers. In this chapter, we will practice modeling 


techniques of ballistic impact analysis using woven aramid fibers. 


Time = 4.0199е-005 


A High-Speed Impact Simulation and Yarn Model for High-Strength Fiber Materials 


The friction between the fibers plays an important role during the shock absorbing 
mechanism of the woven fiber. Therefore, how to accurately simulate frictional force is a key 
part of modeling. In addition, modeling the weaving form of the fiber to match the actual 
fiber in the physical world is also an important factor in accurately simulating the shock 
absorption. However, the modeling of individual fibers results in a relatively long analysis 


time because numerous contacts occur between the fibers. 
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Workshop 15. 
Ballistic Impact Analysis of Woven Fibers 


Introduction 

The analysis model consists of a Meso-Scale model in which individual bundles of yarns are 
woven in [0/90]s layup manner. In order to shorten the analysis time, the model was 
demonstrated using a symmetry modeling approach. The modeling of the fiber layer as a 
shell layer is called a macro-scale model. In this case, it is impossible to simulate the 
characteristics of the interaction occurring between the fibers. Recently, research on 
protective clothing has been actively conducted due to the increase in terrorist activity and a 
research paper for analyzing the bulletproof characteristics of such a high strength fiber can 


be easily found. 


A Ballistic impact analysis training model (1/4 model and full model) 


Plain woven fabric /Yam 


mesoscale microscale 


macroscale x 


A High strength fiber modeling scale classification 
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In this workshop, we will practice 214m/s high-speed impact modeling for high strength 
fibers using the properties of Kevlar fiber, as well as the going thoroughly on overall analysis 
procedure, energy absorption mechanism and the influence of key parameters. The unit of 
analysis model is as follows: 


* Unit: mm, ms, kg, kN, GPa 


| Import Mesh 

Import the model WIS5 Initialmodel mesh.k from which the mesh was created to analyze 
high-strength woven fiber high-impact analysis. The shape of the quarter model approach and 
full model which is of 50mm x 50mm fibrous layer, with the bullet will be displayed as 
shown below. Since each yarn is modeled as a shell element, if you look at the construction 
part, you will see that it consists of three parts: Yarn in the horizontal direction, Yarn in the 
vertical direction and a bullet which is the projectile impactor. Individual Yarn geometries 
were modeled using microscopically measured dimensions. One yarn is composed of two 
shell elements in the width direction. The smaller the shell element, the more accurate the 
contact or interaction can be simulated, but the appropriate level of the mesh should be 


created considering the analysis time. 


A High-speed impact analysis mesh model (1/4 madel) 


A Yarn part geometry and micrograph on the y-axis 
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| Material Property 

The bullet is assumed to be made of steel material and is composed of a solid model, with the 
property value input utilizing MAT001 Elastic property. Individual fiber layers modeled as 
Kevlar fibers are entered using MAT003 Plastic Kinematic. This property is obtained 
through actual experiments. The strength of the fiber is 3.9GPa and which has a Fail Strain of 
0.045. Failure Strain value plays a role of zero stiffness by eroding an element when strain 
value reaches 0.045 due to high-speed impact. In general, Etan properties play an important 
role in defining plastic deformation in metals, but in the case of high strength fibers, plastic 
deformation does not occur and instead, fracture occurs. The actual tensile test results in 
linear deformation and ultimate fracture, so Etan should be set to zero in the physical 
properties. In fact, Yarn has the same anisotropic properties with different physical properties 
depending on the axial direction. However, in this high-speed impact event, the effect of the 


tensile stresses and deformation in that direction are dominant. 


= Keyword Manager — MAT | 001-Elastic —Input property for bullet 
= Keyword Manager — MAT | 003-Plastic Kinematic —Input property for fabric 


*MAT.ELASTIC (TITLE) (001) (1) 


1 MID RO E PR DA DB NOT USED 


LUN Ј[:аѕое-оә |[2-1006+04 |[0-2800000 [o0 [oo ID 


A MATUOL Elastic Properties 


*MAT. PLASTIC KINEMATIC (TITLE) (003) (1) 


TITLE 
| fabric 
1 MID RO E PR SIGY ETAN BETA 


[2 осоо |[e.400e+04 |[o.3000000 |[3900.0000 |[o0 — 
2 SRC SRP í ES VP 
[oo оо Го оаѕ0000 | 00 E 


j 


A MATOS Plastic Kinematics Properties 
| Element Property 


After defining the Materials, the section properties should be defined in the target part. First, 
Section shell is defined as follows on x-axis yarn and y-axis yarn composed of Shell 


elements. 


= e Keyword Manager — Section Shell — ELFORM-2, NIP=2, Thickness=0.08 
= e Keyword Manager — Section Solid — ELFORM=1, AET=4 
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*SECTION SHELL (TITLE) (1) 


TITLE 
fabric shell 
1 SECID ELFORM SHI NIP PROPT OR/IRID #| ICOMP SETYP 
2 2 ~||1.0000000 ||2 1 vio 0 vila E 
2 Т1 T2 I3 T4 NLOC MAREA IDOF EDGSET 
0.0800000 0.0800000 | 0.0800000 0.0800000 00 0.0 0.0 0 


A. Shell section properties for Yarn Layer 
*SECTION SOLID (TITLE) (1) 


TITLE 
bullet solid 
1 SECID ELFORM AET 
h И vila v 


A. Solid section properties for Bullet 


Before defining the characteristics of the part, create the Hourglass keyword. Hourglass is a 
phenomenon that causes abnormal deformation of the element mesh. Zigzag-shaped 
deformation appears and causes numerical errors during analysis. To prevent this, create the 


hourglass control keyword as follows: Hourglass control is described in detail later. 


= Keyword Manager — Hourglass — IHQ=4, QM=0.1 ... input (see image) 


*HOURGLASS (TITLE) (1) 


[system hourglass 
1 HGID THO QM 180 01 92 QB/VDC QW 


o 


ft 4 v |[0.1000000 


A Hourglass energy Configuration 


1.5000000 | 0.0600000  ||0.1000000 || 0.1000000 


Once the properties, section properties, and hourglass have been entered, the properties and 


sections are defined for each part. The X-axis Yarn and the Y-axis Yarn are set identically. 


= Keyword Manager — Part —input SECID, MID, HGID (see image) 


"PART (TITLE) (3) 


1 TITLE 
lam y 
2 PD SECIDe| Mie EOSIDe| HGIDe| GRAV ADPOPT 9| TMID e| 
2 2 2 0 1 0 w10 6 
*PART_(TITLE) (3) 
1 TITLE 
bullet 
2 PID ЅЕСЮе| мр EOSIDe| HGIDe| GRAV ADPOPT|s| ТМ e 
4 1 | 1 | 0 1 0 У|% 0 


A. Yarn and Bullet Part Properties Input Screen 
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About Hourglass Control 


Hourglass is a technique named because the deformation of an element appears like an 
hourglass. Compared to the general macroscopic deformation, the deformation of 
individual elements is more severe in a zigzag form. It is mainly caused in the 
Hexagonal 3D element or 3D shell element. Check out the diagram below on the right. 
In a rectangular element with a net bending load, it's deformed at both edges, whereas 
the centerline is without deformation. If an element has a single integration point, zero 
energy mode phenomena appear, such as no stress occurring at the integration point. 
In other words, the strain energy is not generated. It is safe to say that the element in 


which this transformation occurs simulates a meaningless behavior. 


So how do you know if an Hourglass strain is occurring? The easiest way is to 
qualitatively check whether the deformation of individual elements is zigzag as shown 
above. Another is that hourglass energy for each part can be plotted by selecting 


matsum from the ASCII option in the analysis results. 


How can you control these hourglasses? The first to systematically prove the hourglass 
phenomena were Belytschiko and Flanagan in 1981. In this exercise, the Hourglass 
control keyword is used i.e. IHQ = 4, which prevents zigzag deformation by applying 


artificial stiffness to elements utilizing Belytschiko and Flanagan's theory. 
So How can we control these hourglasses? 


* The additional stiffness is set on the element to prevent hourglass deformation 
* Inserting an artificial Viscosity on the element (typically the most widely used algorithm 


in high-speed impact models) 
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* Select the Fully integration element instead of the Reduced integration element. 
* Reducing the size of the mesh may which is an easy solution. 


* Use Viscos damping 


Hourglass Modes in Shells 


Hourglass energy shows the strain state of the element. Generally, it occurs at zero 
energy and is also called ZEM: Zero Energy Mode. It can be said that it occurs mainly at 
one integral point. Let's remove the Hourglass keyword from this created model, 
proceed with the analysis solving and then compare the results with the models that 


comprised Hourglass to check on how the elements behavior change. 
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| Boundary Condition 


In the impact analysis of high strength fibers, boundary conditions are a significant factor in 
the energy absorption mechanism. Observing the results of the analysis well along, you can 
understand why. In this exercise, you will fix the boundary conditions on both ends only (fix 
all DOF) and leaving the other end free. For the % model, set the conditions (100000) and 
(010000) for nodes that are symmetric about the x and y planes. 


= Model and Part — Create Entity — SPC | Cre — Sel. Node | Area — Select each 
corresponding edge (see image) and setup DOF — Apply 


A Boundary Condition Setup 


In Initial Velocity, define the bullet's impact velocity of 214m / s. 


= Model and Part — Create Entity — SPC | Cre — Sel. Node | Area — select elements of the 


bullet, input velocity(see image) — Apply 


*INITIAL_VELOCITY_NODE (428) 


1 мре Vx VY NZ УХЕ VYR VZR Ср ә 
|С 00 -2.140e+05 оо [o.o |С 0 | 


A Initial Velocity input 
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| Contact Condition 


Since the model includes individual yarns, proper contact condition setting is one of the 
important factors that determine the validity of the analysis. Because this model has to 
establish interaction conditions between Yarn and Yarn, ‘Segment’ contact is used to 
establish effective contact conditions. In order to establish the contact between the bullet and 
the fiber layer which is as shown below, only the area where the contact occurs is first 
segmented with impact_area. 

= Model and Part — Create Entity — Set Data — Set SEGM — Area | By element 


— select contact region elements (see image) — Apply 


2-х1 ГЕТ] 


3 - x-2 (sub:1) 
4 - y-1 (sub:1) 
5 - y-2 (sub:1) 


A Bullet contact area segment generation 


Next, to establish contact between each individual Yarns and Yarns and also within the same 
Yarn part( similar to self-contact), select Yarns one by one as shown below and create 


segments with yl and y2 respectively. Similarly, we create the yarn segments of x1 and x2. 


-Prescribed Motion(BPM) 4 [1 , 
- Spc Symmetry Plane Tu IA Constrained INC у 
S- Constrained -Contact oo| co] oo] 
9. Contact oo|] ол & Damping LÀ 
S-Dameng === E Database [TAP] None || Rev 
59 Database 8 Define = 
-Define HORE 59 Element Apply | Cancel || - 
9 Element App || Can E Initial 1-impacarea(subi) — 
Initial лз Velocty 2-xl (sub:1) 
Velocity 1 - impactarea (su Load 3-x2 (subi) 
2 -xl (sub:1) &- Rigidwall 4 - y-1 (subi 
Œ- Load 3 -x-2 (sub:1 &- Section 
Rr Rigidwal салатаа S- Set Data 
E- Section 5 - y-2 (sub:1) SET ЙӨНЕ 
E- Set Data *SET BEAM 
"SET. NODE р SET DISCR 
SET. BEAM SET PART 
"SET. DISCR *SET SEGM 
"SET. PART SET. SHELL 
*SET SEGM 'SET. SOLID 
SET. SHELL "SET TSHELL 
SET SOLID 
*SET TSHELL 


A. Individual Yarn Segment generation (yl and y2) 
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Pomme ^ | Бшк SA pci Lee vu ve 
&- Contact oo| oo] pire Es] а R 
осо ШЕ (8: Define = 
7 
ани Са ње ғ (5-Element Appl || Cancel 
{Element Apply Cancel ©: Initial ETE 
Intel l— — Velocty 2 -xi (sub: 

Velocity 1 - impactarea (sub:1 &-Load 
-Load 3 -x-2 (sub:1) f-Rigidwall 4 - y1 (sub:1) 
БЕ 5- y (sub) -Section 5 - y-2 (sub:1) 
-Section 5- y2 (sub:1) E Set Data 
iion "SET. NODE 

'SET NODE "SET BEAM 

"SET. BEAM x 

SET. DISCR 

*SET DISCR «| x 

"SET PART SET PART 

*SET_SEGM *SET SEGM 

*SET SHELL *SET. SHELL 

"SET SOUD *SET SOLID 

"SET TSHELL *SET. TSHELL 


A. Individual Yarn Segment generation (xl and x2) 


Once individual Yarn segments have been created, the contact conditions can be set using 
*Contact Automatic Surface to Surface. The contact condition is set as follows. 
7 Part (x-axis yarn) — Part (y-axis yarn) 
= Part (Segment) - Segment (impact area) 
= Segment (x1) — Segment (x2) 
= Segment (y1) — Segment (y2) 

The dynamic and static friction coefficient should also be entered when setting the contact 
condition. Enter 0.15 for the static friction coefficient and 0.12 for the dynamic friction 
coefficient. These coefficients of friction are measured through yarn pull tests of actual 


Kevlar fibers. 


*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_(ID/TITLE/MPP)_(THERMAL) (4) 


1 CD TITLE 
1 xy 
L1MPP2 
2 IGNORE BUCKE ICKET PARMAX UNUSED ^ CPARMB 
0 200 1.0005 0 
3 UNUSED CHKSEGS PENSF 
0 1.0 0 
4 SSIDe|  MSIDe| ssTyP MSTYP SBOXID'e| MBOXID|e| SPR MERO 
3 2 3 vE vio 0 lo MI em 
[ | L iL Д 
5 ES FD Dc vc VDC PENCHK ВТ DT 
0.1500000  |[0.1200000 [1.200000 оо | 0.0 0 м [oo |[1.000e+20 | 


A Part (x axis yarn) - Part (y axis yarn) 


"CONTACT, AUTOMATIC. SURFACE, TO SURFACE (ID/TITLE/MPP) (THERMAL) (4) 


TITLE 
bullet fabric 


1 cD 
2 


4 SSDDe MsIDe|  SSTYP MSTYP SBOXID|e| MBOXID'e| SPR MPR 
4 1 3 мо v lo 0 0 vio м 
5 FS ED DC vc VDC PENCHK ВТ DT 
0.3000000 0.3000000 0.0 0.0 0.0 0 v [oo |1.000е+20 


A Part (Bullet) - Segment (impact area) 
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*CONTACT. AUTOMATIC, SURFACE TO SURFACE (ID/TITLE/MPP) (THERMAL) (4) 


1 CD TITLE 
3 [хїә2 | 
[ ]MPP1 L]MPP2 
Ж uci B TRACK INIT] MAX ШМ PARMB 
0 200 1.000: 0 
3 UNUSE HSE PE BL 
0 1.0 0 
4 sspe]  MsID|e|  SSTYP MSTYP SBOXID|e| MBOXID/e| SPR MPR 
3 [2 0 mim v |o 0 0 vllo 9 
5 FS FD DC УС VDC PENCHK ВТ DT 
01500000 [01200000 [1.220000 [oo 0.0 0 v |[o.o |[1.000e+20 


A segment (xl) - Segment (2) 


*CONTACT AUTOMATIC SURFACE TO SURFACE (ID/TITLE/MPP) (THERMAL) (4) 


CID TITLE 

= y1-y2 

Г1МРР1 Г1мрР2 
" CKET IN VI А 
0 200 1.0005 0 
1.0 0 

SSID в MSID e SSTYP MSTYP SBOXID MBOXID ® SPR MPR 

4 5 0 vilo Flo [o 0 vllo S 
UES FD рс УС voc PENCHK BT DT 


0.1200000 


1.2300000 


[oo 


0.0 


1.000е+20 


A. Segment (yl) - Segment (y2) 


| Analysis Condition Setup 
The following steps are done to set the analysis condition. The analysis end time is 8.5e-5 sec, 


which is until the bullet passes through the fiber. 


= Control | Termination — ENDTIM = 8.5e-5 
= ) Database ASCII option — DT=2e-7, GLSTAT, MATSUM, NCFORC 


=  Database— BINARY D3PLOT — DT=1e-6 


This completes the ballistic impact modeling of the bullet on the Kevlar fiber. 


| Result Visualization 

The analysis will be completed within 30 minutes. Let's check the behavior of the bullet's 
high-speed impact and von mises stress at the region of the impact site. In Model and Part, 
select Reflect Model and click Reflect Model. The following dialog box appears. If you 
select YZ plane and XZ plane, you can display the 1/4 model as a whole model as shown in 


the figure. 
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Reflect Model 


Reflect About XY Plane 
[7] Reflect About YZ Plane 
[7] Reflect About XZ Plane 


Done 


A Full Model visualization Using the Reflect Model Function 


If you check the variation over time, you can see that the deformation occurs as the yarns on 
the free edge are pulled inward. The transformation of the kinetic energy of the bullet into the 
strain energy as the diamond-like deformation occurs overall. Looking at the rear face, it can 
be seen that through about 0.07sec, the penetration of the bullet begins as the yarns of the site 
where the direct contact with the bullet are broken/shattered. In fact, the high-speed impact 
test shows that the macroscopic deformation is almost similar to the deformation. It can be 
observed that in the deformation like diamond-type as well as this shape of the diamond 


along in the fixed end direction shows the same in both analysis and test results. 


A (02sec A (04sec 


A 0.06 sec A 1.08 sec 
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A Actual deformations taken using high speed camera 


A Backface deformation and fibe breakage (0.08sec) 


Let's check the change in the kinetic energy of the bullet and also the change in its speed. As 
expected, we can see that the velocity is reduced to 190 m / s, as the initial velocity of 214 m 
/ s collides with the fiber, the kinetic energy is reduced to a similar trend. It can be seen that 
the point where the change in the kinetic energy and speed is abruptly relaxed around 0.07 


seconds. 


20 LS-DYNA keyword deck by LS-Prepost 
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A Graph of kinetic energy and velocity of the bullet 
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If you compare the internal strain energy of the x-axis Yarn and the y-axis Yarn, you can 
notice something interesting happening with boundary conditions. In the graph below, the 
green line highlights the x-axis yarn and the red line illustrates the internal energy of the y- 
axis yarn. The X-axis Yarn is a Yarn fixed at both ends, and the impact energy is rapidly 
increased as the bullet impacts, and the fracture energy is released when the fracture occurs at 
0.07 sec. The increase is small and no breakage can be confirmed. This is where the boundary 


condition plays an important role in the impact energy absorption. 


= ASCII — matsum — Load, Mat ID=2, 3 | internal energy — Plot 


BB PlotWindow-1 - a x 


(iceman ^ || ор LS-DYNA keyword deck by LS-Prepost 
ncforc * ] | 


a 
Li 
Ei 
a 

gy 


gx 
Еа 
"wl 8 
| i 
< 
internal ener 


Hic/Cs/Dri 0 i i } i i : 
HE 0 0.02 0.04 0.06 0.08 
= Time (E-03) 


2-kinetic_energy | Title | Scale | Анг | Filter | Print | Save | Load | орег | Hide | Close | Quit 


A Internal strain energy distribution of x-axis and y-axis yarn and backface deformation 


While interpreting the analysis results, let's review the distribution of von mises stress and 
deformation. In fact, when compared with the actual impact test data taken with a high-speed 
camera, it can be seen that almost similar behaviors are simulated, such as overall 
deformation patterns and breakage points. Therefore, it can be confirmed that the modeling 
approach employed in this workshop is an appropriate model and it is actually applicable. 
Using the hand-on model, fix all four end edges, perform an analysis again and compare the 
results. It is easy to understand the difference between impact phenomena according to 


boundary conditions imposed. 
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A Van Mises distribution 


LS-DYNA has been used to model high-speed impact on high-strength woven fiber layers. 
This model employed individual yarns as shell elements, but there is no big difference from 
the results of the model comprised of 3D solid elements. On the other hand, considering that 
the 3D model takes almost 10 times more analysis time than the shell model, it can be seen 


that the Meso-Scale modeling strategy using the shell elements is very cost-effective. 


"utt 


Memipherical кш 


A Various bullet head shape 


Using a hands-on FE design, an evaluation of the energy absorption mechanism's complex 
behavior based on the various warhead shapes can help to understand the characteristics of 


the woven fabric. 
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Chapter IB. Door Impact Analysis with Spot Weld Joint 
199999999 


| Workshop Objectives 

Y Introduction of the theoretical background of Spot Welding 
Y Practicing Spot Weld modeling procedure 

Y Creating Door Impact model 


| Workshop Duration: 80 min 
| Application: Automotive, Spot Weld, Crashworthiness 


| Model Files 
e W16 INITIAL Spotweld D1.k: Initial state model 
e W16 Spotweld D1.k: Rigid Spotweld model 
e W16 Spotweld E1/Fail.k: Deformable Spotweld model including 
failure model 
• W16 SW Door Initial.k: Initial state of door impact model (mesh) 
* W16 SW Door No Fail/Fail.k: The final state of door impact 


model 
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i Introduction of Spot Weld 

Spot welding is one of the oldest welding methods for joining metal plates using strong 
current and is widely used in all industries such as automobile, shipbuilding, and aerospace 
sectors. One of the welding types is electrical resistance weldings, generally used to weld 
0.5mm to 3mm thick plates. As the name of welding says, Spot, it implies that a small current 
is applied to the high current of about 3kA ~ 100kA by instantaneously heating above the 


melting point (at that small zone) to join. 


Т | F | E 
Weld y 
E = Molten nugget 
metal E m 
Е d — 


f tr 


A Spot Weld Work Process 


There are three main factors that affect the quality of spot welds: • Sheet metal thickness, • 
Electrode Force, Weld Current, and * Electrode Diameter. The most important thing out of 
these factors is the thickness of the target plate. If too thin, the welding does not occur or if it 
is too thick, the weld created is too weak and therefore strength it will be weak. As the metal 
is welded and recrystallized, the normal welding area occurs only when the diameter of the 


electrode is larger than the size of the nugget to be joined. 


A Automatic Welding Machine 


The spot welding process is particularly important in the automobile manufacturing process 
and many studies have been conducted on how to accurately simulate spot welds in the 
analysis process. This is a very important joining process, as SpotWeld has a dedicated 
program of analysis and design. Before the development of the analysis function, the welding 


part was modeled simply by tie connection or rigid connection. Recently, many functions to 
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model deformation and breakage in the weld area have been introduced, and LS-DYNA also 
provides various elements and techniques for the Spot Weld model. 

= Rigid spotwelds 

= Deformable spotwelds 

= Spotweld failure 


Basically, the above three modeling techniques are utilized in general during analysis. The 
first is the rigid spotweld, which is simply connected. Secondly, there is a deformable 
spotweld method where deformation can occur, and a spot weld failure modeling method 
using several failure theories. In this exercise, we will study and practice this modeling 


technique for Spotweld applied to the vehicle door. 


281 | Part С. CIG 


Chapter 16. Door Impact Analysis 


Workshop 16. 
Impact Analysis of Spotwelded Door 


| Spot Weld modeling method - Rigid Spot Weld 


Before we practice this model, let's take a look at the modeling technique of spot welds. It 
can be modeled with a rigid body and a deformable body as described previously. First, we 
will see how to model spot welds with a Rigid Model. We will practice using a model that 
joins the centers of two parts to each other by Spot Weld. There are two ways to model spot 
welds using rigid bodies. In this exercise, we will look at one of the ways to model Spot Weld 
which is the simplest and easiest. The disadvantage is that it can be welded only to the exact 
position of the node and various contact options or sophisticated damage models are not 


possible. 


* Method 1) *Constrained Spotweld 
* Method 2) *Beam element and *MAT rigid 


3 H 1 + {Onn Matic 


Bout Weld Pots 
4-gaints 


*Donstrain&d-Spotweld 


$pid-2 


A “Constrained Spatweld 


First, let's open ‘W16_Pre_spotweld_D1.k’ which contains the basic modeling with mesh. 
Two jigs appear and basic elements with different boundary conditions (floor fixation) and 
load conditions (10 mm movement) are also modeled. Part of the exercise is concentrated 
only on the procedure for creating Spot Weld. You can define the point to be connected 
through Spot Weld by selecting the node to be connected as shown below. To input the 


failure criteria, you can enter the brittle failure criteria SN (normal force) and SS (shear 
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force), or select TF (Failure Time) that defines the point of failure. In order to determine the 


damage, strain EP (plastic strain) can also be used as input. 


weld c. 


=  * Create Entity — Constrained Spotweld — Select the node to be connected as shown 
below 


Enter the failure criteria (0 if not applied) — Done, create 4 Welds at the location 


х5 
Entity Creation x ^s =| 
& Airbag O Show JE OMod Оре! $4 
i ^ShelRefGM Осе 
@- Application E 
8. Boundary Label: [Symbol TN 
& Constrained vel 
| Genera ized. Weld EZ] Autocreate kie 
i WID Мм L]N2 E] 
і +- Nodal Rigid Body (CNRB) 2 1289 250 A 
i i-Node Set = l Go 
| i.Rivet Entity SpotWDatas Parameter Мэ 
| v Tied Nodes Failure SN 55 N = 
i i-Interpolation 4 
i Joint M TF EP 
| $- Extra Node Set $i 
і i-Shel?Solid 1.0Е+20 || 1.0Е+20 е 
&- Contact =| 
8: Damping 
8 Database All None | Rev АБЕ e 
- Define e 
89: Element Apply Cancel | м 
&- Initial 1 
fal. Load (ej) 


A “Constrained SpotWeld setup 


*CONSTRAINED SPOTWELD (4) 


1 WD 
P 
2 nile N29 SN ss N M TE EP 
1279 260 1С 00 |С) 0.0 ][ 100020 ||1-000e+20 


After modeling spot welds, let's analyze and check the results. If you check the von mises 
stress, you can see that the upper jig moves while deformation occurs as follows. As the node 
of the spot welded part comes up, it shows a somewhat abnormal deformation. The 
application of spot welds of rigid body type requires the use of hourglass. Let's load 
SWFORC (Spot Weld Force) from the ASCII result file and plot the resultant forces of the 


four Weld objects. The linear loading results in an increase in working loads above 60 kN. 
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LS-DYNA keyword deck by LS-PrePost 
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A Deformation of Spot weld area and SWFÜRD distribution 


| Spot Weld Modeling - Deformable Spot Weld 
Now let's model the Deformable Spot Weld using the same model. Spot Weld of the elastic 


body where deformation occurs can be modeled using the Beam or Solid element. In general, 
the use of beam elements is recommended because the vehicle analysis involves a large 
number of spot welds modelization. 
Let's recall the model we used earlier, ‘W16_Pre_spotweld_D1.k’. Create four Spot Welds 
using Element tools — Spot Welding. The welding beam thus created is generated as a 
single part. Since it is generated based on the position, it is irrelevant to the position of the 
node, so there is an advantage that the spot weld can be positioned at the desired position. 
However, if the mesh sizes of the parts to be joined are similar to each other to reduce errors 
in the joint analysis, create the same element size if possible. 
= Element and Mesh — Spot Weld — Position or Line | Beam | By Position — Check create 
element_beam_pid, Pick part (select parts 1 and 2) | Pick position Select 4 weld points in 


part 1 
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TN um 
Spot Weld x 
Оне (Postion oring 
Gem)» ! 
EZ Assign Pid and Eid automatically 


Elem ID: 
Part ID: 


E Create ELEMENT. BEAM PID — 


A Spot Welding function 


The next step is to define the properties of the beam element which is created as shown in the 
above step. The physical property is created by referring to the elastic with a plastic property 
of steel. MAT100 Spotweld, which defines the property of Spot Weld, is basically defined 
as Elastic-Plastic property. Through this beam element, the load/moment and stress are 
calculated at one Gaussian point and the validity of the MAT100 Spot Weld property model 
is shown in the technical data by comparing a number of experiments and analyses. 
= Keyword Manager — Section Beam — Elform = 9, CST = 1 — TS1 = TS2 = 0.003 
* The spot weld section must be ELFORM = 9, CST = 1 (Circular) which defines the cross- 
sectional shape of the weld nugget, the external diameter TS1 = TS2 = 3mm, and the internal 
diameter must be 0. 


= Keyword Manager — MAT Spotweld — Properties of Steel Series (No Damage Criteria) 


*SECTION BEAM (TITLE) (1) 


TITLE 


Spotweld 


Resultant Beam Shape Definition 


1 SECID ЕЕОВМ — SHRF  OR/IRIDe CST  SCOOR NSM 

E lg ~] 1.0000000 ||2 E v [0.0 | 
2 151 т52 T Im PRINT 

[0.000000 | 0.030000 |00 | 00 I 0.0 | 


*MAT SPOTWELD (TITLE) (100) (1) 


TITLE 

Spotweld 
1 MD RO E PR SIGY|e| ЕН DT TEFAL 
E 7850.0000 2.100е+11 0.3000000 3.500е+08 5.000е+08 0.0 0.0 


The next step is to enter the contact conditions. The relationship between the contact surfaces 
between the structures joined by welding is set. Generally, it is defined using the keyword 
*Contact Tied Shell edge to surface or *Contact spotweld. Select the target structure as 
the Master (Part set) and the Spot Weld Beam part as a Slave (Part). In this definition, in 


235 | Part С. CIG 


Chapter 16. Door Impact Analysis 


the weld point, translational and rotation are interlocked in both parts and when the target 
structure invades the welding area by an external load, the contact force is calculated by 


penalty algorithm. 


A Concept of contact force calculation in the welding area (Penalty Method) 


= Keyword Manager — Contact Spotweld — Master = part set | Slave = spot weld — Done 


* Part set = Set top and bottom jigs to be welded as one set 


*CONTACT SPOTWELD (ID/TITLE/MPP) (1) 


MPP1 MPP2 
2 
1.0 
3 
4 sspe MSIDee  SSTYP MSTYP SBOXID|e| MBOXIDe| SPR MPR 
[3 Ја 3 < [2 ~ [о ID 0 vllo e 


Let's save the generated model as ‘W16_spotweld_E1.k’ file and perform the analysis. It will 
take more time than the rigid body. Rigid body spot welds do not affect the time step of the 
analysis, but the spot weld modeled with elastic body affects the time step of the entire model, 
so mass scaling can be applied if necessary to reduce the analysis time. A global model can 
apply spot weld to DT2MS in *Control Timestep and the time step can be input separately 
in DT parameter of *MAT spotweld to apply Spot Weld element only. If Mass Scaling is 
applied to the entire model with DT2MS, separate spot weld adjustment is not recommended. 
Before examining the results of the analysis, let'S create one more model with added failure 


criteria. 


| Spot Weld Modeling - Deformable Spot Weld (Failure) 


Add a failure criterion to calculate the spot weld failure and compare the results with the 
previous one. In many cases of welded mechanical parts, failure occurs at the weld zone. 
Although the latest welding technologies are commercially available, the welded area should 
not exceed 90% of the strength of the raw material. Of course, recrystallization in the heat- 
affected zone (HAZ) that occurs during the welding process, heat treatment, etc. may not 


occur properly, or there may be problems with metallurgical strength such as brittle fracture 
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due to hydrogen inflow. The analysis only considers the mechanical part, so only the strength 
factor is considered. Failure theory that can be applied to Spot Weld can be applied to: 

= Time-based 

= Plastic Strain 

= Resultant Based 


a Peak Axial Stress. 


Breakage strength is defined by the following formula. If only Axial Force (NRR) is input to 


5,000N, define the spot weld to be removed when it works over this load. 


Ti 


= e Keyword Manager — MAT Spotweld — NRR=5000 — Done 
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*MAT SPOTWELD (TITLE) (100) (1) 


TITLE 
| Spotweld 

| MID RO Е РЕ 5ІСҮ Ө ЕН рт TFAIL 
E [7850 0000 ][2100e«1 0.300000 [[3-500е+ов [5.000е+08 0.0 [оо 

? EFAIL NRR RS NRT MRR MSS MTT NE 


0.0 [5000.0000 [0.0 0.0 | 0.0 fo 0 0.0 | 0.0 


Let's save the model with the failure model added as 'W16 spotweld ЕІ Fail.k' and perform 
the analysis. Compare the results of the analysis with the models with and without damage. 
Models that do not contain damage are distorted as they move to the 10mm end. On the other 
hand, the model with damage reaches the Axial force of 5kN, which is the failure criterion 
after about 4mm movement and the weld beam element is deleted. Result file can be called 
by using ASCII variable from DATABASE, SWFORC (Spot weld force) can be requested 
to extract Axial forces, Spotweld length, Shear force, Resultant force and Failure from 
individual spot weld elements. The figure below compares the deformation, von mises and 
axial forces of the model without failure criteria and the added model. In the model which 
includes the failure criterion, the beam element is removed after about 20 frames and thus the 


bonding function is lost and the axial force is also reduced to zero. 
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elem# 1023 


A Weld Deformation and Von mises distribution (left) No failure (right) Failure (break after 20 frames) 


8 LS-DYNA keyword deck by LS-PrePost LS-DYNA keyword deck by LS-PrePost 
SpotWeld Beam Ids SpotWeld Beam Ids 
_A_1 Resultant Force _А 1 
_B 2 Resultant Force | -B2 
6 —C_3 Resultant Force “© 8 
.D 4КезиНапїРогсе _ „ЙА 
TC ..E.1 Failure e 
2 _F_2 Failure ш 
ш G 3Failure g 
£4 H_4 Failure 5 
Е : 
o = 
5 £ 
t 3 
ý А 
2 [2 
0 1 
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08 
Time Time 


A Axial force distribution extracted from spat weld (left) No failure (right) Failure model 


LS-DYNA keyword deck by LS-PrePost 
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Time 


A Size of deformation of spot weld (Failure model) 


So far we have discussed the basic spot weld modeling technique. Considering this technique, 
let's practice an example of collision analysis of a vehicle door. Other points to note during 


the Spot Weld modeling are as follows: 
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* Create an element size similar to the size of the target part being spot welded. 

* The beam element size (TS1, TS2) of the spot weld should not be larger than the overall 
thickness of the panel to be welded. 

* Place at least three or four elements on the face of the spot weld. 

* Panels to be welded should be as parallel as possible. Spot Weld may not be applied 
properly between overly inclined panels. 

* Define the contact part as spot weld separately from the contact setting part of the whole 
model. 

* Note the *Contact Spotweld setting. Spot Weld (Beam or Solid) should be Carefully set to 
one Part Set for the welded per part. If you set parts that are not connected to each other, an 
error occurs and the analysis is interrupted. If you apply Spot Weld and if it is not connected 
to each other properly, again the error will occur in the analysis. This is caused by 
*Contact Spotweld not being set properly. 

* Parameters related to Spot Weld in *Contact Control are as follows. The OUTSEG card 
is an option to extract information about all spot weld nodes and their interconnected 
elements. SPOTTSP is an option that determines whether the analysis should proceeds when 
the welded master element is damaged. SPOTDEL is an option that effectively reduces the 
computation time by deleting the associated spot weld element if the master element is 
broken off. SPOTHIN is a scale factor for the contact load calculation between the weld area 
and the target part, which means that the contact load is reduced by about 5096 when 0.5 
(50%) is input. 


*CONTROL CONTACT (0) 


14 1 vllo “|1 ~|io x| vllo v 
USRSTR  USRFRC NSBCS INTERM ХРЕМЕ SSTHK  ECDT TIEDPRJ 
[o К [o llo vfo |0 vllo “|0 ~ 
SFRIC DFRIC EDC VEC TH TH SE PEN SF 

[o 0 0.0 0.0 во [во (Т [о 


IGNORE ERCENG SKIPRWG  IOUTSEG SPOTSTP  SPOTDEL  SPOTHIN 
0 vllo vlo v v0 vllo v 


A llptinns in the * Control Contact keyword related to spot welds 
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| !mport Door Impact Model 
Import the 'W16 SW Door Pre.k' model, which is the default model for the Door Impact 


analysis model. In this exercise, we will only practice on Spot Weld, but not on the whole 
modeling. The imported model has basic keywords and does not include other keywords 
except the partial spot welds. The figure below shows a model consisting of five imported 
Spot Welding Beam parts. The inside of the door is a framework where an impact beam is 
connected to the door panel by spot welding to withstand shock. The impact velocity is about 
6m / s on the pole which is made up of a rigid body. The unit system of the model is as 


follows: 


* Unit System: mm, Tonne, sec, N, MPa. 


A Door Impact Model 


Various spot welds are modeled in this example and we will create only the SW UP part of 
the five sets through exercises. In the model tree, the part names of spot welds are 
nomenclature as SW12, SW15, etc. This means that SW12 means that parts 1 and 2 are 
welded with spot welds. 
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3 


M 
| 
E 


The picture below shows the experimental test setup of the side impact of the vehicle column 


epp Gp eap; 


Tw 


A Spot Welding Part 


against the actual door. It is one of the important items in the collision safety test of 
automobiles. The impact condition of 32km/h speed on a 25cm column is tested to evaluate 


the deformation and penetration depth into the passenger seat. 


Side Pole Collision Test of Door 10 


10 |mage credit : Euro NCAP side impact test of FIAT Punto, 2017 
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| Keyword Structure of Spot Welding 

Let's take a look at the structure of the keyword to create Spot Weld. First, create spot weld 
Beam elements using the Spot Weld Generation tool. Next, create MAT100_SpotWeld to set 
the property, also use set Beam element section property for Spot Weld and define each 
property and section property in Spot Weld created in Part. And moving on, at * 
Contact_Spotweld, set the part_set and spot weld part of the target panel to be welded. In 
DATABASE ASCII, SWFORC card must be selected to extract load or deformation 


applied to spot weld. 
Name Count 
&)- BOUNDARY 1 
CONSTRAINED 2 
&- CONTACT 6 
AUTOMATIC. SURFACE, TO, SURFACE 1 
[sona] 
E)-CONTROL 3 
CONTACT 1 
-TERMINATION 1 
TIMESTEP 1 
DATABASE 6 
© ELEMENT 23840 
я 
ows SHELL 23782 
&-INITIAL 23469 
&)-KEYWORD 1 
E-MAT 3 
020-RIGID 1 
“om Q24-PIECEWISE_LINEAR_PLASTICITY 1 
NODE 24627 
@ PART 11 
El-SECTION 3 
-f BEAM 1 
SHELL 2 
È- SET 7 
~ NODE. LIST 3 
= à 
-TITLE 1 
TITLE 1 


Keyword Structure 
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| Spot Welding Generation 
Spot Weld beams or solid elements can be easily created by utilizing the Spot Weld option. 
In the case of *Constrained Spotweld, it can be created only at the position of the node, 
while the Beam element can be created regardless of the position of the node as shown 
below. Spot weld function differs depending on the location of the beam element (center or 
near node). Generally, creating at the center of the element minimizes numerical errors. Let's 
set about 10 locations along the edge of the upper part of the door as shown. If you check the 
model tree after creation, you can see that a part consisting of one Beam element is created. If 
the number of spot welds is quite large, make a line along with the welding position in 
Geometry — Curve. You can also create spot welds all at once by entering a gap or the total 
weld number required on this line. However, if the shape is complex like a door, setting 
individual positions can be effective. 
= Element and Mesh — Spot Weld — Position | Beam | By Position — Pick Part = Select the 
part to be welded, click on the inner/outer panel of the upper door in the figure — Pick 


Position = select the position to spot weld 


Оне (9)Position Or Line 


Озон 


e) By Position) © Ву Line 
М Assign Pid and Eid automatically 
Elem ID: 
P; 


жй we ‹ 


art ID: 


BAS |i 


[C Create ELEMENT_BEAM_PID 
Search Radius 10 | 
Min Length 1 


Dix Pars] 


2,1 


= 


2B eNW DHL Y 


M 


A Spot Weld Generation 


| Spot Welding Properties 

The properties of Spot Weld use the MAT100 SPOTWELD keyword as explained in the 
previous description. The figure below shows the generated data. Actually, the property of 
spot weld should be able to measure the stiffness and strength through tensile tests or lap joint 


tests and then input its value. In general, the welded part has the characteristics of showing a 
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partial increase in stiffness and hardness while breaking strength is somewhat lower than that 
of the base metal. In the Beam section characteristic, select ELFORM - 9 (Spotweld Beam), 
and select QR = 1 (Number of Integration). Select CST = 1 (Circular), which defines the 
cross-sectional area and the diameter is about 2mm because the panel to be welded is about 3 


~ 5mm thick. 


*MAT SPOTWELD (TITLE) (100) (1) 


TITLE 

1 MID RO E PR SIGY e EH DT IFAIL 
b 7.800е-09 | 2.100e«05 |/0.3000000  ||270.00000 ||500.00000 |00 0.0 

2 EFAIL NRR NRS NRT MRR MSS MIT NE 
0.0 0.0 | 0.0 0.0 0.0 0.0 0.0 0.0 


A. MATIOO SpotWeld properties 


*SECTION_BEAM_(TITLE) (1) 


TITLE 
weld 

Resultant Beam Shape Definition 
SECID ELFORM SHRF QR/IRID|® CST SCOOR NSM 
h lg w||1.0000000 ||1 1 v00 м || 0.0 
151 152 In 112 PRINT 
2.0000000 2.0000000 0.0 0.0 0.0 


A Beam section properties for Spot Weld 


In Part, assign the properties and section properties created to the spot weld part. 


*PART_(TITLE) (11) 


1 TITLE 
|bw 24 

2 PID SECIDe мрә Eose. HGIDe GRAV АРРОРТ |е! тм e 
[12 Е E 0 0 0 "m 0 


A Part properties setup 


| Contact_Spotweld setup 

Set the part to be joined by welding to one Part Set and then set the spot weld part and panel 
set in * Contact_Spotweld. Make a set by selecting the inner top panel and outer panel as 
shown below. Select the part set and spot weld parts created from Contact_Spotweld. If this 


process is not performed properly while modeling, you often experience error messages, so it 


is advisable to set it carefully. 
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abel: None ~| 
SetiD * Title(Optional} 

2 | Weldset2 

DAL DA2  DA3  DA4 
00| 00] 00| 00 
м || None | Rev | Gaid 
CL EN 


1- Weldsetl (sub:1 


3 - Weldset3 (sub:1) 
4 - Weldset4 (sub:1) 


Hu 


A Bener 


н 


ation of a Panel Set ta be welded 


*CONTACT. SPOTWELD (ID/TITLE/MPP) (5) 


ср TITLE 
$ | Link SET PART 
MPP1 MPP2 
H 9 PART. LIST 
IGNORE BUCKET LCBUCKET WS2TRACK INITITER РАРМАХ UNUSED ^ CPARMB р 
— 1 Weldsetl 
0 200 3 2 1.0005 0 dde 
"uer PENES n 3 Weldset3 
UNUS CHKSEGS PENS RPABLE 
UNUSED. CHKSEGS -PENSF GRPABLE 4 Weldset4 
0 10 0 
- SSIDe| М5Шје) SSTYP MSTYP SBOXIDle| MBOXID'*| SPR MPR 
т 2 3 ~] 2 M 0 о v2 М 
WOES FED Dc Miel VDC PENCHK BT DT 
0.0 0.0 0.0 IET Гоо 0 [0.0 [[1.000е+20 | 


A “Contact Spot weld Setup 


| Analysis Condition 


Basic analysis time, initial conditions and boundary conditions have been established. If you 
check the * Control Contact keyword, you can see that OUTSEG = 1 is set. If OUTSEG = 
1 is set, information related to welding is recorded in the history file, D3HSP, so it can be 
checked whether our modeling has been properly performed. If the spot weld is correctly 


modeled, the weight information of the spot weld is shown on the analysis log screen as 


shown below. 


ODE*00 dt ў 
00Е+00 dt 


а 
percent 


Defor 
t 
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XAXXXAXAXAXXANAXAXAXXAAXAXAXNXXAXAXKXAXANXAAXAXANXKNAXAXAXXAAXAXAXXAXXAXA1 


зм 1 5 
part D Uy c 15 
HEELE Gi еее аот аееете $ 
naterial jd A E E — 5 
section title ........ — ө - 
weld 
material title ................ 
material type ....... — 100 
equation-of-state type ..... 0 
hourglass type ............. 2 
bulk viscosity type ........ 1 
density .cccseccccccsccccccesccese = 7.80000E-09 
hourglass coefficient ..... e... = 1.00000E-01 
quadratic bulk viscosity ......... = 1.50000E+00 
linear bulk viscosity ............ = €.00000E-02 
element TYPE ..cccccscsccccescceces = 1 
eq.0: 4, 6, 8, 10-node solid element or SPH element 
ед.1: 2-node beam or truss or 2D shell element 
eq.2: 3, 4-node membrane/shell or 2D continuum element 
eq.3: 8-node thick shell element 


Now that you have created additional Spot Welds, let's perform an analysis. In the training 


model, Mass Scaling was partially applied to reduce analysis time. If you want to remove 


A Spot Weld information recorded in the log screen and D'3HSP 


mass scaling, enter 0 on the DT2MS card of * Control_Timestep. 


| Analysis Result 


The analysis will be solved within 30 minutes. The figure below shows the deformation 


pattern at the last frame of the analysis time of 0.05 seconds. On the result screen, you can 


see that the position of the weld is displayed as a circular mark. 
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A Deformation form in the last frame of side collision analysis 


The figure below shows the Von Mises stress distribution. In the case of concentrated local 
shocks such as poles, large loads are concentrated on the support part of the impact bar, 
resulting in severe bending deformation. The key factor in the design of the impact bar is how 
effectively this constant weight can increase the bending resistance. The figure below right 
shows the internal energy distribution by component absorbed by the impact. Doors 1 — 5 are 


Door parts and 10 ~ 15 are Spot Weld parts. 
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0.7 


LS-DYNA keyword deck by LS-PrePost 


А Von Mises Stress Distribution and Strain Energy Distribution by Component 


Spot Weld parts can also absorb some energy. In particular, if the number of spots absorb is 
increased by selecting the part where energy is absorbed a lot, the applied energy is 
distributed lower and it is possible to reduce the failure of the welding part. 

Results file АЅСП — SWFORC | Load — АП | Resultant Force — Plot and check the 
load applied to the spot weld. The working load in the individual beams can be checked for 
each spot weld location. Likewise, increasing the weld number at the site of the highest load 


may be a solution for the enhancement of door structure integrity. 
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3 


SpotWeld Beam Ids 


ee et ets tet tue ee ecc brozecesbrczez- 


Resultant Force (E+3) 


M yore м 14 
S AW Re РОА 
Ga" HR 


BE Н у * A 3 j 
o um ГР I INO NP Rey I Р 16 
0.02 0.03 0.04 


Time 2.19 
A Resultant Force Distribution of Working Load Extracted fram Spot Weld 


In this model, the failure condition of Spot Weld is applied to the load of 2.7kN or more, and 


it is analyzed that the failure criteria is set to 1kN based on Axial Force. 


*MAT SPOTWELD (TITLE) (100) (1) 


MID RO E PR sicy/e ЕН DT TEAL 
[E ] 7.800е-09 [2 100е+05 0.3000000 270.00000 00.00000 [оо [0-0 
EFAIL NRR NRS NRT MRR MSS MT NE 
0.0 1000.00000 [0.0 0.0 0.0 0.0 |00 0.0 


A. *MAT100 Failure criterion МКК (Axial Force) setting 


The figure below shows the distribution of Von Mises and the internal energy of the model to 
which Spot Weld's failure criterion is applied. Slight differences will be found with models 
that do not have failure criteria. In the spot welds of 10 — 15, failure occurred at the site 
where severe deformation occurred, and the energy did not increase. In the spot welded area, 


the stress was released, and the stress distribution and the size were slightly different. 
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06 | 


LS-DYNA keyword deck by LS-PrePost 
T Hi 


0.5 + 


Part Internal Energy (E+6) 


A Van Mises stress distribution and strain energy distribution by component 


Plot the resultant forces and failures in the ASCII result file. In the resultant force, an area of 
more than 1 kN is calculated with rather high value due to the shear force or compressive 
load. On the other hand, it can be seen that all welds with an excess of 1 kN of axial force are 


failed (Failure index — 1). 


2 LS-DYNA keyword deck by LS-PrePost 
T T 


SpotWeld B: 


1 A 
SpotWeld Be 


0.8 4 


Resultant Force (E+3) 


0.2 + 


о 18 Е i B i D Di 
0.02 0.03 б -R18 0 0.01 0.02 0.03 0.04 
Time -19 Time 


A Resultant Force and Failure distribution 


If the results are displayed in the D3PLOT in the Feature Line Mode, it is possible to 
visually check whether the Weld has broken at any point. The figure below shows the spot 
weld distribution in the last frame. The failure standard model can confirm that many of the 


welds are broken. 
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A. Remained Spot Weld after impact (Left: No failure model, Right: Failure criteria applied model) 


I hope that this course will give you an opportunity to learn about the modeling procedure, as 


well as conceptual understanding of spot welding modeling and its analysis. 
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Chapter 17. Floor Panel analysis with Restart 
9999598389 


| Workshop Objectives 
Y Learn how to use Restart 
Y Practice Load Analysis of vehicle Floor Panel 


у Practice how to create Small Restart keyword 

| Workshop Duration: 40 min 

| Application: Automotive, Restart, Implicit Load Analysis 
| Model Files 


e W17 RS FloorFrame.k: 1st analysis model with the initial load 
* W17 RS Start.k: Restart keyword with modified load 
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| Introduction of Restart 

In many analysis cases, it is often necessary to maintain the initial preloading state. For 
example, the application of various load cases under the condition of its own weight, the 
application of the static load under the pre-tension of the bolt, or the analysis of the load after 
the initial contact condition, for example, like to maintain the springback effect. In these 
cases, it is quite inefficient to analysis the initial condition repeatedly in every load case 
which is quite time-consuming. The technique of performing initial load conditions through 
separate analysis and applying various load cases or changing boundary conditions from the 


result obtained from the previous step is called Restart analysis technique. 


Bolt PreStress Gravity Initialization Interference 


A Restart Analysis Cases 


In addition to the restart analysis, the effective analysis of these initial load conditions can be 
performed using the sequential method and dynamic relaxation method that applies the load 
sequentially (step-by-step analysis). In this exercise, we will practice how to use Restart 


analysis method. LS-DYNA provides three restart analysis methods: 


* Simple Restart 
* Small Restart 
* Full Restart 


Simple Restart simply stops the analysis in the middle and starts again from the point of 
interruption. In order to do that, simply enter г = d3dump01 after the execution command. 


>> Isdyna r=d3dump01 


The second method, Small Restart, is a restart method that can modify only a part of the 
model. It is a restart method that can modify a limited part of the model such as the curve of 


the load, the partial modification of the contact condition and the partial modification of the 
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element or node of the part. This method will be covered in this workshop which is a useful 
technique for applying various subsequent load cases under applying the same initial load 
condition. In other words, if the initial analysis proceeds to Time = 0 ~ Isec, Restart analysis 
is applying various loads after the previous result from Time = Isec. The initial and restart 
analysis conditions, i.e. precision (single or double) settings, number of CPUs and memory 
settings, must be the same for both the initial and restart analysis. In order to solve the restart, 
we need to create additional keywords for re-analysis. We will practice this part in detail. The 
execution method is to add r=d3dump01 after the restart input file. 

>> Isdyna i-restart.k r-d3dump01 


The third method, Full Restart, can add new parts, add loads, boundary conditions and 
contact conditions for a completely new analysis to solve after a certain time. To execute, 
enter n=d3full01 instead of r=d3dump01 in small restart. 

>> Isdyna i-restart.k n=d3full01 


Restart analysis requires files such as d3dump, d3full, and runrsf which are the binary files 
that store the results of the initial analysis. D3dumps and runrsf for small restarts are 
automatically created and can be requested by using * DATABASE BINARY D3DUMP or 
* DATABASE BINARY RUNRSF when needed. There is also a command, in addition, if 
you press the switch key “sw3” after control + C during the analysis, you can get the 
d3dump file that stores the results up to that moment. As it is a very useful analysis 


technique for various load case analysis tasks with initial load conditions. 
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Workshop 17. 
WI 7 Floor Panel Load Analysis with Restart Method 


| Introduction of Restart 

The restart analysis model is composed of a floor panel and frame of the vehicle. Let's import 
the W17 RS FloorFrame.k model. A model consisting of five parts will appear as shown 
below. In this exercise, we will not practice the whole modeling methods, but only the 
Restart keyword generation part. Open the Keyword Manager of the model to see how the 
model is constructed. Two Cross Beams on the Floor Panel are welded by Spot Welding as 
practiced in Chapter 16. Both guide rails are bolted to the Floor Panel and are connected 
using Constrained CNRB. 

In the initial analysis, the body weight and the seat weight are applied to the entire model as 
shown below and the additional load factors on seat load that can be added during operation 


through restart are applied. 


ШШШ: Ды Г ital Condition: 
load fim Seat” | | Gravitational Body Weight 


A Floor panel load analysis model 
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The initial analysis model for restart study is analyzed from 0-1 second and from 1 second to 
2 seconds through invoking restart commands. Because static load analysis uses implicit 
solver, the concept of time does not mean much and the modeling procedure is briefly 


described as necessary. 


| Initial Analysis 
Two cross beams are welded to the guide rails on both sides with spot welds as shown below. 


The material property model used *MAT100_Spotweld. 


A Waldment of Cross Beam and Guide Rail 


The bottom panel and guide rail were connected to each other using the 
*Constrained_CNRB (Nodal Rigid Body) which connects the nodes around the hole to be 
fastened as shown below. This is one of the very effective modeling methods for evoking a 


bolt fastening effect. 


A Bolting location of the bottom panel and guide rail 
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For the applied load, * Load Body Z is applied so that its own weight load is applied to the 
whole model. Check the keyword creation screen and * Define Curve shown below. And, 
vertical load 800N acting in Seat is applied as * Load Node Set. Check the location of the 
application and the size of the load in the figure below. Subsequent analysis through Restart 


will reset the Define Curve and proceed from T = 1. 


"LOAD BODY Z (1) 


Сре SF LCIDDRe| XC Yc zc Ce 
| |[1.0000000 [|o |[0.0 0.0 |00 fo 
*DEFINE CURVE (TITLE) (4) | Р Е 
2 x H PlotWindow-1 - o 
TITLE LS-DYNA keyword deck by LS-PrePost 
& _ _ E S — — OEC puce риши c 
LCID SIDR SEA SFO OFFA OFFO DA, 8 
4 10 ~||1-0000000 || 1.000000 |00 0.0 0 
Repeated Data by Button and List 6 
Saarraa ionic ea __ m A e. 
AL or H 
0.0 0.0 54 
16 
Data Pt. 1 L 
2 1098 р m 2 
3 2098 Replace Insert 


A Node set for seat load 


"LOAD NODE SET (6) 


NSIDe| DOF іре] SE сре mile) м в. мз е. 
в |В vt -1.0000000 |[o D [0 0 
il ITI 
*DEFINE CURVE (TITLE) (4) li PlotWindow-1 pe п х 
ТШЕ 
Load z 
ср SIDR SFA SEO OFFA 
1 0 »||1.0000000  ||1.0000000 [oo 
Repeated Data by Button and List 
AL 01 
00 00 
DataPt. 1 
2 108000 Е P 
3 208000 | — Replace 
| Delete. 
otal Card:4 SmallestiD: 1 LargestiD:4 Total deleted card: 0 


A Load Node Set with "Define Curve for Seat Load 
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| Analysis Setup 

Since load analysis should be performed using an implicit scheme with the following * 
Control keywords. Open the keyword and check it once. See Appendix A5 for a description 
of the keywords used in Implicit analysis. (By default LS-DYNA uses Explicit solver to solve) 


IMPLICIT AUTO 
IMPLICIT DYNAMICS 
IMPLICIT GENERAL 
IMPLICIT SOLUTION 
TERMINATION 


Let's perform an analysis of the initial model. Double precision must be applied to solve and 
setting of analysis execution command should be the same at Restart. Refer to the run 


command using LS-RUN. When the analysis is complete, you can see that d3dump01 is 


created. 
NCPU 4 v 
MEMORY | 800m v 


LS-DYNA command 
Preset SMP double ~ Set 


Expression | "SSOLVER" i=SINPUT ncpu=$NCPU memory=SMEMORY 


Preview “D:\Programs\DYNA\program\LS-DYN~2.EXE" i=D:\TEMP\DYNA\Scracth\K1\W17_RS~1 


f С) а= м ER keyword 


A Job execution of Initial analysis (LS-RUN) 


Observing at the analysis results, it can be seen that the self-weight and seat vertical load are 
applied up to | second so that the stress is concentrated on the corresponding area and the 


strain energy is generated as follows. 


LS-DYNA keyword deck by LS-PrePost 
] T T 


2799998969 "a 


ay (E-03) 
e № 
gom 


o 
a 
a 


Part Kinetic Ener: 


A Initial Analysis Results 
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| Restart Keyword Generation 

In the Restart analysis, the seat load will be applied in addition to the load applied in the 
initial analysis. Apply * Change Curve Definition keyword and * Define Curve Title 
keyword as follows. The restart keyword structure is as follows: 


CURVE DEFINITION 
zl CONTROL 
“TERMINATION 


=} DATABASE 


BINARY_D3PLOT 
-DEFINE 
-CURVE 
4- KEYWORD 
TITLE 


A Restart Keyword structure 


First, enter the curve to modify in the keyword * Change Curve Definition. At this time, 
the Curve ID should be the same as the initial condition and the point number inside the 


Curve should be the same. Termination time is 2 seconds. 


= Keyword Manager — Change Curve Definition — LCID — Curve 2 Load X (repeat for 


Load y) 
*CHANGE CURVE DEFINITION. (2) CURVE 
ice |2 Load x | 
E Е Load y 


= Keyword Manager — Control Termination —^ ENDTIM=2sec 
*CONTROL TERMINATION (1) 


ENDTIM ENDCYC DTMIN ENDENG ENDMAS NOSOL 


р.0000000 [o 0.0 0.0 1.000е+08 |0 ~ 


Load x and Load у аге created to impart 1600N апа 1200N after 1 second as follows. 


= Keyword Manager — Define Curve — LCID=2, input A1, Q1(see image, and repeat for 


Load y) 
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*DEFINE CURVE (TITLE) (2) 


OFFA OFFO X— DATIYP  LCINT 


LCID SIDR SFA SFO 
р] 0 v (10000000 ||4.0000000 [ol 
Repeated Data by Button and List 
Al 01 
0.0 0.0 
[1.00 00 
210 00 E 
3 2.1 1600.0 


=| 


жа! Card: 2 Smallest 10: 2 Largest ID: 3 Total deleted car 


lli PlotWindow-1 


Ahsrissa 


*DEFINE CURVE (TITLE) (2) 


SIDR SEA 


SFO 


OFFA 


ОЕЕО DATTYP — LCINT 


LCID 
3 о || 1.0000000 | 


vi 
| 


Al 01 
0.0 | 0.0 

ШЕШШ ny 
210 00 
3 2.1 1200.0 


xal Card: 2 Smallest 10: 2 Largest 10: 3 Total deleted ca 


A Load Curve Modification 


Save the generated keyword as W17 RS start.k and execute the calculation. The execution 
command should set the same conditions as the initial analysis. After the command, enter 
i-W17 RS start.k г = d3dump01. When using LS-DYNA manager, select dump file and 


restart file as below. If you look at the working folder during the analysis, it was created 


10000000 || j ll. PlotWindow-1 
Repeated Data by Button and List | 


1.5 2 


0 0.5 


Aliae 


earlier. It can be seen that D3plot02 is generated following D3plot01. 


Misc. Env Variables Моде Locked License License Manager 


Manuals Help 


ша ас ej аа | 


Restart Input and Output 


ele in put and o 
Restart File R = 
D:\TEMPSDYNASScracth\K1\d3dump01 Browse.. 
Input File | = 1 
DATEMPADYNAXScract AK WITZ. Вб. 
-Output Print File O= 


D:\TEMPADYNA\Scracth\K1\d3hsp Browse.. 
MEMORY [defaut 


Click More Option to input endtime, para, ncycle, 
scale factor. 


tput file(s} folder and name{s). 


х 


RUN 
Cancel 
Default 


More Option 
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| Restart Analysis Result 
If you open the d3plot, you can see that the frame of the analysis result has been added from t 
= 1 second to 2 seconds after the initial analysis. It can be seen that the stress acting due to 


Load x and Load y added during restart analysis are increased. 


ада PPE Paw ху KY LY WP KP vy Ky Lap ep Ly 


A Von mises stress distribution results (left: initial analysis, right: restart analysis) 


So far, we have practiced the restart analysis procedure in this workshop. In addition to 
Body_Load_z that worked in the initial analysis, you should practice adding Body_Load_y 


and Body Load x during restart analysis to master the analysis process. 
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APPENDIX 


Useful Tips and Know-How 


Models used in Workshops can be downloaded by scanning the 
QR code. The appendix summarizes tips and know-how that may 
be useful when conducting LS-DYNA analysis and research. 


2B2 | Appendix 


Appendix. Useful Tips and Know-How 


AL 


Al. Unit System 


LS-DYNA is a very powerful explicit program. In the Explicit field, in particular, it has 
significant advantages over other larger programs. Although user convenience and user 
interface may seem like pre-aged old programs, they are still widely used in many industries. 
What is the most important thing about using this powerful analysis? This is the Unit system, 
which is the basis of the basics not only for LS-DYNA but for all other numerical program 
users. Matching units is the most important process in numerical analysis. If you spend a lot 
of time organizing complex shape modeling and analysis model setup and then, making tiny 
mistakes in the unit system, it leads to a total waste of time. In fact, you will experience such 


mistakes sometimes often during the initial career stage. 


Historically, the biggest example of unit error was the loss of $ 1.25 million of Mars' 
satellites from NASA in 1999. Lockheed engineers in the United States used inch-based 
English units, while research institutes in other countries had problems using the metric 
system. Recently, as the multiphysics-based analysis is widely used, unit systems of physical 
quantities in multiple fields become more and more complicated and error occurrence in data 
compatibility and modeling between programs is expanding. As well as on how to reduce 
these mistakes, you can look at the results of the analysis and make intuitive judgments based 
on your experience. This chapter summarizes the unit system matching that can be used as a 
checklist. For reference, http://my.matereality.com/ provides a free tool for matching unit 


systems by analysis program. There is also a dedicated tool for LS-DYNA. 
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| LS-DYNA Unit system 


The following table summarizes the property values of the Steel series for the unit system 
mainly used in LS-DYNA. 


MASS LENGTH TIME FORCE STRESS ENERGY DENSITY — YOUNG's GRAVITY 


k N Pa J 7.83е+03 2.07е+11 9.806 


Б гп 5 
kg cm 5 1.0е-02 № 7.83e-03 2.07е+09 9.806е+02 
kg ms 1.0e+04 N 7.83e-03 2.07e+03 9.806e-04 
kg 1.0e+10 N 7.83e-03 2.07e-03 9.806e-10 
kN GPa kN-mm 7.83e-06 2.07e+02 9.806e-03 


g dyne dyne/cm? erg 7.83е+00 2.07е+12 9.806е+02 


ст 
g mm 
mm 


5 

us . 

s a d 
E Ib i 


Ibf-s?/in in f psi Ibf-in 7.33e-04 3.00е+07 386 
slug ft s Ibf psf Ibf-ft 1.52e+01 4.32e+09 32.17 
kgf-s/mm mm kgf kgf/mm? kgf-mm 7.98e-10 2.11e+04 9.806e+03 


kg m mN 1.0e+03 Pa 7.83e-06 2.07e+08 9.806e+03 
g c 


E 
m E 
m ms 1.0е+1 № 1.0е+05 Ра 7.83e*00 2.07е+06 9.806е-04 


| Ном tn reduce mistakes іп the unit system 

1. Keep the unit system reference table handy when modeling. 

One of the effective tips to prevent errors is to keep the unit system reference close to a 
reference while simulating multiphysics analysis. In particular, Europe and Asia mainly use 
the metric system, but in the United States, the imperial system of inch-Ib.-sec or ft-Ib-sec is 
used. Mixing these two unit systems can cause considerable confusion. In this case, be sure to 
refer to the unit system reference table for modeling. There are several reference tables in the 
chart, but again as mentioned mixing them can cause confusion. In general, it is 
recommended to select one of the following four reference tables (MKS, MPA, BFT, BIN) 
in consideration of the size of the model. If possible, the use of a metric unit system would 
minimize confusion in physical data compatibility if it is linked to fluid analysis or thermal 


analysis. 
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Common Consistent Units Systems 


Systems: 
Length 1000 mm ft 
Time 1 sec sec 
Mass 1.00E-03 tonne slug Ibf-sec^2/in 
Force N Ibf Ibf 
Temperature C [K] F F 
Velocity mm/sec ft/sec in/sec 
Acceleration mm/sec? ft/sec? in/sec? 
Angular Velocity rad/sec rad/sec rad/sec 
Density | 00E-12  tonne/mm? slug/ft® Ibf-sec?/m* 
Moment, Torque in-Ibf 
Stress, Modulus 1.00E-06 psi 
Energy, Work in-Ibf 
Power ft.Ibf/sec in.Ibf/sec 
Heat Flux ft.lbfisec. ft” in.Ibf/sec.in* 
Specific Heat ft.Ibf/slug.F in.Ibf/snail.F 
Conductivity ft.Ibf/sec.ft.F : in.Ibf/sec.in.F 
Convection ft.Ibf/sec.ft". 0з in.lbf/sec.in*.F 


2. Intuitively judge input/output data based on one or two properties that can serve as 
criteria. 

If you are an experienced engineer, it always better to memorize one or two properties in 
your head. For example, the most widely used materials are steel, and it has a density of 
about 7800 kg / m3, a modulus of elasticity of 210 GPa, a strength of about 800 MPa and 


compares the input and output results to find the abnormal values intuitively. 


3. Be careful with Mass units in the US system. 

One of the mistakes that occur in dynamics analysis is often experienced in defining mass 
when using the inch-pound-sec unit system. We are relatively familiar with units like kg and 
Newton through schooling. However, US units can be quite confusing in engineering. On 
most of the TV shows, pounds are often expressed as weight. But pounds are the unit of force 
(force, F = m * a) in engineering, exactly pound-force (Ibf). The interpreter needs to know 
exactly what pounds mean in pound-mass (Ibm) or pound-force (Ibf). That is, 1 Ibm = 0.4536 
kg and 1 lbf equals 1 Ibm to 32.174 Ibm * ft/s? multiplied by gravitational acceleration 32.174 
(fUs?). To eliminate this mistake, a metric system using kg and Newton, which is familiar 
with everyday life, would be a good alternative. 

Many experienced engineers try to use the MKS [meter-kg-sec] system if possible unless it is 
a very small structure. If you use the MKS system in your head for a long time, you can 
intuitively check the results of the wrong results while analyzing the system. For example, a 


thermal analysis in the area of hundreds of degrees for a metal structure should be in the unit 
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of displacement of 0.000X — 0.00XX. If it were in inch-Ibm-sec units, who would not have 
been able to determine whether the level was adequate. If you're an engineer working 
primarily in the United States, things can be different. Readers will find a unit system that fits 
their work environment and make a familiar frame for the unit in their head. In particular, the 
interaction analysis of heat/fluid/electricity/structure, etc. through multiphysics makes the 


unit system turning out to be more complicated. 
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a 


M. Time Step in Explicit Scheme 


LS-DYNA is basically a non-linear Transient Dynamics FE code that can be explicit and 


implicit. To solve the problem of dynamics, we have to solve the following equation. 
ee LÀ 


mx(t) + cx(t) + kx(t) = F(t) 


А SDOF spring-mass-damper system and governing equation 


Where x (t) is a time step and kx (t) means internal force in the system. Here, if acceleration 
is defined as a, velocity is v, and distance is d and time step = n, most of the problems to 
solve in LS-DYNA are to find d "+ at t "*1‚ In the case of using explicit code, the operation is 
done through the past n parameter known as the following formula, but in Implicit, we need 
to find the convergence point through iterative integration because we need to find the 


variable in n + J situation that we do not know. 


Я ап+і = fan v". ar dn-i pU uu) 
хрїїсї 


— d"*1 - (ФУАТ, d", p^ ...) 
mplici 


If the nonlinearity is high, the explicit code will have a complete victory to solve the analysis 
until the termination time is reached. You might have learned from Chapter 7 about the 
difference between the models of interpretation between explicit and implicit. General- 
purpose programs such as ABAQUS and ANSYS often use implicit solvers and we can see 
that the analysis works normally even without entering the mass property. In Implicit, only 
the internal force balance fits well and iteration should be within the convergence range. 
Therefore, if only stiffness is reasonably input, the stiffness matrix can be used to derive the 


result by using the equilibrium relationship with the force. One of the advantages of implicit 
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is that the analyst can define the time step size accordingly. Of course, the calculation of the 
stiffness matrix can take considerable analysis time depending on the equilibrium status of 
the system and the analysis can be completed utilizing a large step size in a very short time. 

In the case of explicit, the nodal acceleration is calculated by dividing the nodal acceleration 
by the internal and external forces at each node. (Simply, F = m * a) The time step size used 
in the calculation is basically determined by the Courant condition algorithm. Not many 
engineers working on DYNA analysis fully understand the algorithms that determine the time 
step. This algorithm is basically determined by the size of the element and the speed of sound 
of the material and within the area that meets the criteria, the system deforms in a stable 


condition. 


"Lontrol limestep 


Time step, At * Extend time step, (0175) ; 
Start» <—> У Analysis complete 
| | 


"Lontrol Termination 


| | 
D3Plot interval 


"Database Binary 


A Time Step Control Keyword 


LS-DYNA can use both explicit and implicit codes. Explicit should be applied to phenomena 
such as collisions/impact phenomenon where dynamic deformation and analysis time are 
within microsec, and large deformations occur in materials with complex contact conditions 
and nonlinear properties. If implicit is applied, convergence does not occur and interpretation 
is impossible to solve or it takes a long time. 

If you are studying engineering mathematics or numerical analysis, you can easily find the 
term CFL condition. Abbreviation of CFL is Courant-Friedrichs-Lewy Condition. This can 
be expressed as a convergence condition for the calculation of partial derivatives (PDE). The 
time step of LS-DYNA is obtained by this CFL condition. Sometimes expressed as a CFL 
length, an explicit and stable time step is defined as the time the wave speed passes through 


an element ( i.e. stress wave propagation in the material). 


u At 


Qa 
Ar 


< C maxr 
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In the equation, Ax is the length of one element, u is the wave speed (speed obtained by 
Modulus and density) and At is the time step. Explicit is defined as Cmax = 1 and TSSFAC 
variable corresponds to this Cmax value in * Control Timestep. The default value of 0.9 is 
used to reduce the step size by reducing the TSSFAC to 0.5 to 0.6 for very soft materials 


(bird, rubber, fluids, etc.) or for very high nonlinear explosions. 


[Tips for using time steps when modeling 


If you have an understanding of the time step concept in the explicit analysis, how can you 
effectively interpret and use it for analysis? As you may have noticed, the LS-DYNA analysis 
is a very time-consuming analysis. These workshop models are to carried out to deal with 
simple models, but the FE models in the real-world task can take from few minutes to as 
many days(example for long-duration run is while solving Engine Fan blade out analysis, it 
take more than two weeks for solving full-scale engine model). In this case, you can adjust 
the time step artificially by applying the following method to check the result quickly in the 


early stage of the modeling phase to see if the model runs without error. 
* Check the analysis result by applying mass scaling 
Enter the mass scaled time step value in DT2MS in *Control_Timestep. 


*CONTROL TIMESTEP (1) 


DTINIT SSFAC ISDO TSLIMT DI2MS CTM e ERODE l 
[0.0 0.9000000 fo [о.о l/s.o00e-05 [о о Y 


DT2MSE  DT2MSLC/eIMsCl|e| UNUSED UNUSED RMSCL - 
C C 1С Je jo |ә 


For example, in the case of the existing model, the time step size is le-5 sec, which is 
increased 5 times to 5e-5 in DT2MS and the analysis is executed. Depending on the analysis 
case, it is generally recommended that the mass scale value should be within 5% of the total 
system and within 10% for one part. The influence of the increased mass can be monitored in 
*DATABASE ASCII GLSTAT and MATSUM. 
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ЕЖ Select C:\WINDOWS\SYSTEM32\ cmd.exe 


Memory req to begin solution 
Additional [ t 


Ged 
| .Q0000E-20 
| .Q0000E-20 


A Log screen showing scaled mass data 


= Decrease the modulus value or increase the element size related to the CFL length 

= Initial analysis after setting TSSFAC = 1 

= Apply the original property model after checking the initial analysis result by setting the 
property to * MAT Rigid. 


In this way, by intentionally adjusting the time step, it is possible to effectively reduce the 


analysis time for model checking during the initial model development stage. 
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са 


АЗ. Contact Algorithms in LS-DYNA 


One of the most key aspects of impact analysis is how similar contact is modeled in order to 
replicate real-world conditions, which in turn affects the reliability of the analysis. 
Nevertheless, one of many cases where many FE models fail is caused by inadequate contact 
models. However, not many engineers fully understand the theory and algorithms of contact 
theory. This chapter briefly explained the theoretical background of contact modeling, what 


contact models are and how to use them. 
| Contact Algorithm Types 


LS-DYNA offers many contact conditions and which are quite complex options. For 
effective analysis, it is important to understand the characteristics of each contact model and 


option. The types and options of Contact algorithms provided by LS-DYNA are as follows. 


a Hexible Body Contact 
* flexible body to rigid body contact 
s Rigid body to rigid body contact 


#Normal 

a Automatic 
"дід 

= [dge-to-edge contact "lied 
* Eroding contact 


a Tied surfaces 
s Rigid walls 


»Tied with failure 
»Eroding 
"йде 


A Contact Algorithm Types and Contact Options 


Depending on the physical phenomenon in which contact occurs, it can be classified into five 
types. Let's take a closer look at the most frequently used Contacts while solving: 
= Мо deformation (Rigid wall) 
= Sliding contact 
o S3Dcontact(*Contact option[1]) 
o 2Dcontact(*Contact 2D...) 
= Contact considering shape (* Contact entity) 
* Cable contacts (* Contact Guided Cable) 


= Internal contact of the solid element (* Contact Interior) 
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a13 *CONTACT AIRBAG SINGLE SURFACE 
*CONTACT AUTOMATIC BEAMS TO SURFACE 


26 *CONTACT AUTOMATIC GENERAL 

i26 *CONTACT AUTOMATIC GENERAL INTERIOR 

as *CONTACT_AUTOMATIC_NODES_TO_SURFACE 

alo *CONTACT AUTOMATIC ONE WAY SURFACE TO SURFACE 
t10 *CONTACT AUTOMATIC ONE WAY SURFACE TO SURFACE TIEBREAK 
13 *CONTACT AUTOMATIC SINGLE SURFACE 

13 *AUTOMATIC SINGLE SURFACE MORTAR 

13 “AUTOMATIC SINGLE SURFACE SMOOTH 

13 “AUTOMATIC SINGLE SURFACE TIED 

a 3 *CONTACT AUTOMATIC SURFACE TO SURFACE 

a3 “CONTACT AUTOMATIC SURFACE TO SURFACE MORTAR 
a3 “CONTACT AUTOMATIC SURFACE TO SURFACE MORTAR TIED 
t3 *CONTACT AUTOMATIC SURFACE TO SURFACE TIEBRAK 
a3 *CONTACT AUTOMATIC SURFACE TO SURFACE SMOOTH 
18 *CONTACT CONSTRAINT NODES TO SURFACE 

17 *CONTACT CONSTRAINT SURFACE TO SURFACE 

23 *CONTACT DRAWEEAD 

23 *CONTACT DRAWBEAD INITIALIZE 

16 *CONTACT ERODING NODES TO SURFACE 

14 *CONTACT ERODING SINGLE SURFACE 

15 *CONTACT ERODING SURFACE TO SURFACE 

27 “CONTACT FORCE TRANSDUCER CONSTRAINT 

25 *CONTACT FORCE TRANSDUCER PENALTY 
m5 *CONTACT FORMING NODES TO SURFACE 
mid “CONTACT FORMING ONE WAY SURFACE TO SURFACE 
m3 *CONTACT FORMING SURFACE TO SURFACE 


5 *CONTACT NODES TO SURFACE 
5 *CONTACT NODES TO SURFACE INTERFERENCE 

10 *CONTACT ONE WAY SURFACE TO SURFACE 

10 *CONTACT ONE WAY SURFACE TO SURFACE INTERFERENCE 

20 *CONTACT RIGID NODES TO RIGID BODY 

21 *CONTACT RIGID BODY ONE WAY TO RIGID BODY 

13 *CONTACT RIGID BODY TWO WAY TO RIGID BODY 

22 *CONTACT SINGLE EDGE 

*CONTACT SINGLE SURFACE 

*CONTACT SLIDING ONLY 

*CONTACT SLIDING ONLY PENALTY 

*CONTACT SPOTWELD 

*CONTACT SPOTWELD WITH TORSION 

*CONTACT SURFACE TO SURFACE 

*CONTACT SURFACE TO SURFACE INTERFERENCE 

*CONTACT TIEBREAK NODES TO SURFACE 

*CONTACT TIEBREAK NODES ONLY 

*CONTACT TIEBREAK SURFACE TO SURFACE 

*CONTACT TIED NODES TO SURFACE 

*CONTACT TIED NODES TO SURFACE OFFSET 

*CONTACT TIED SHELL EDGE TO SURFACE 

*CONTACT TIED SHELL EDGE TO SURFACE OFFSET 

"CONTACT TIED SHELL EDGE TO SURFACE BEAM OFFSET 

"CONTACT TIED SHELL EDGE TO SURFACE CONSTRAINED OFFSET 

*CONTACT TIED SURFACE TO SURFACE 

*CONTACT TIED SURFACE ТО SURFACE FAILURE 

*CONTACT TIED SURFACE TO SURFACE OFFSET 


NN P9 ы ы ы ы т © OO Ww ы анн 


A Contact models іп LS-DYNA 
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| Penalty Contact Theoretical Background 


In LS-DYNA, contact and displacement are calculated basically by Penalty Contact Method. 
In the penalty method, the contact load is calculated through the relationship with the depth d 
penetrated by the penalty stiffness k. Penalty stiffness is determined by the volume of the 


element, the area of contact and the stiffness of the element. 


• d 
—p i¢e— PENALTY FORMULATION 
Fzk'd k=f(K,A,V,f,)) 
К —— K-Bulk modulus 
A=Element area 
master V-Element volume 

f, "Penalty scale factor 

9 

slave 


A Penalty formulation 


The main disadvantage of the penalty method is that the contact behavior is governed by this 
penalty stiffness k. If k is too large, high cycle vibrations occur and the explicit 
computational process becomes unstable. If k is too small, the depth of penetration becomes 
unrealistically large. To compensate for this drawback, SOFT option can be activated. 
A common option is SOFT - 0 so that the contact stiffness is calculated from the element 
size and properties. In the case of shell and solid elements, the calculations are as follows. 

* Shell: keslsfac: sf: K-A/d 

* Solid: k=slsfac- sf-K-A?/d 


Where slsfac : global scale factor (*Control Contact) 
Sf : local scale factor (*Contact keyword(sfs, sfm)) 
K : Bulk modulus 
A: element area 
d: thickness 


In the case of SOFT - 1, it is recommended to activate the 'Soft Constraint' and apply it in the 
case of rubber to iron impact, which is a contact state between a very soft material and a 
strong material. In the case of applying SOFT = 1, the contact stiffness k is expressed as the 


following formula and the larger value of the two k is used. 
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* Shell: ki=slsfac- sf- K-A/d k2=1/2- sofscl- mw Zft? 

Solid: kı=slsfac: sf: K-A?/d k271/2- sofscl: my Zt? 

k=max(k1, k2) 
where Mn = nordal mass without mass scale 

At-time step 

Using SOFT - 2 of the contact options is a completely different way of calculating contact 
stiffness. This is calculated in the direction of the softer contact phenomenon. Unlike the 
previous methods, the contact load is calculated by passing through a segment of a specific 
region instead of penetrating through a specific segment. Therefore, if contact is unstable 
even if SOFT = 1 is applied, let's apply SOFT = 2 and compare the results. For most metal or 


composite collisions, applying SOFT = 0 or 1 would not be a problem. 


k — sl : А т1 :m2 
= slsfac ‘sfs 5 
(m1+m2) Ate 
m1,2=segement mass 
Where 
Atc=step size at t=c 
*CONTACT AUTOMATIC SINGLE SURFACE 
5# сїа title 
1Self contact 
$# ignore bucket  lcbucket ns2track inititer parmax unused cparm8 
0 200 0 3 2 1.000500 0 0 
$# unused chksegs pensf grpable 
0 
sboxid spr 
0 0 
fs fd vdc bt 
0.100 0.000 В 10.000 0.0001 .0000Е+20 
sfs sfm sfst fsf vsf 
1.000000 1.000000 = 1.000000 1.000000 1.000000 
5+ soft sofscl lcidab maxpar sbopt depth bsort frcfrq 
2 0.100000 0 1.025000 5.000000 5 0 1 
Card B 
$4 penmax thkopt shlthk snlog isym i2d3d sldthk sldstf 
0.000 0 0 1 1 0 0.000 0.000 
$t Сага C 
5+ їдар ignore dprfac dtstif unused unused flangl cid rcf 
1 0 0.000 0.000 0 0 0.000 
$$ Card D 
5# q2tri dtpchk sfnbr fnlscl dnlscl tcso tiedid shledg 
4 0.000 0.000 0 0 0 0 1 


A Lontact automatic single surface Keyword example 


| Contact Types 


* Automatic and Non-Automatic contact 

In terms of contact conditions, there are Automatic conditions. In the case of a convention 
with an automatic card, bidirectional contact can occur regardless of the normal direction of 
the shell and the shell thickness is always included in the contact force calculation. Contact 
conditions such as *Contact_Automatic_Surface_to Surface is one of the most widely 


used conditions due to its ease of use. Since the definition of slave and master is not needed 
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separately, it can be easily applied to the analysis of a model composed of many parts such as 
a car crash. 

On the other hand, in the case of contact conditions such as * Contact Surface to Surface, 
the normal direction of the shell or segment is important. Normal contact of parts colliding 
should be outward as shown in the picture below. In addition, the contact force calculation 
should include the shell thickness option (SHLTHK). The computational speed is that non- 
automatic contact conditions are more efficient. If the model is complex and consists of a 
large number of shell parts, automatic contact may be beneficial, even though it may take 


some time. 


A Shell normal orientation in * Dantact Surface ta Surface 


• One-Way Contact 

One-way contact is a condition that considers only one direction of contact and of course, the 
analysis time is shorter than a condition that considers both directions. The master and slave 
surfaces must be defined correctly or correct contact between the parts may not occur. 
Generally, the parts with large Rigid body and coarse Mesh are defined as Master and the 
parts with small and which are moving are defined as Slave. This is very effective for Nodes- 
to-Surface conditions, for example, when analyzing SPH particles or explosion analysis. The 


following contact conditions are applicable. 
*Contact_Nodes_to Surface 


*Contact One way Surface to Surface 


*Contact Automatic Nodes to Surface 
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*Contact Forming Nodes to Surface 
*Contact Eroding Nodes to Surface 


*Contact Constraint Nodes to Surface 


f 
master slave ў [—5 
t 
D | 
slave шшш); L— 
master 
t 


A Contact condition at * Contact Опе way Surface tn Surface 


• Single Surface Contact 


Single surface contact applies when contact occurs within the same part, during buckling, or 
when contact occurs with the outer surface of another part. Only the Slave part is set, and the 
Master part does not need to be defined separately. Single surface contact is one of the easiest 
conditions to apply because LS-DYNA searches and defines the exterior surfaces of all 
components at the time of initialization. In the case of single surface contact, RCFORC 
result under contact is not outputted separately. Therefore, contact load calculation should be 
requested by using * Contact force Tranducer Penalty keyword. Automatic Single 
Surface condition is one of the most widely used contact conditions in general collision 
analysis. In the case of a vehicle crash, a buckling phenomenon occurs, so a single surface 
contact condition should also be included. Automatic General is also widely used, but it 
takes a relatively long time to solve. The types of Single Surface Contact are as follows. 

*Contact Single Surface 

*Contact Automatic Single Surface 

*Contact Airbag Single Surface 

*Contact General 


*Contact Eroding Single Surface 
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• Eroding contact 

Eroding contact is a contact condition considering the case where a new contact surface is 
continuously generated due to element removal due to failure during the analysis process in 
the case of high-speed collision analysis using solid elements. This is the condition to be 
applied to the model where Penetration occurs as briefed in Example 9. That is, the analysis 
takes a long time because the contact surface must be updated continuously as the analysis 
proceeds, but it is a contact condition that can simulate the contact state most similar to the 
actual phenomenon. 

The time step is continuously adjusted because the contact status is continuously checked and 
updated during the analysis process. These contact conditions include the following 
conditions, among which * Contact_Eroding Single Surface is most widely used for high- 


speed collision analysis such as ballistic impact. 


*Contact Eroding Single Surface 
*Contact Eroding Nodes to Surface 


*Contact Eroding Surface to Surface 


A. "Lontact Ernding Surface іо Surface 


* Tied contact 

The contact condition for connecting and fixing the contact surfaces to each other is a Tied 
Contact condition. If the master surface is deformed during the analysis, the slave surface 
with the Tied contact condition is deformed together. In general, a part with a large mesh size 
can be designated as a master and tolerance can be entered even if the contact surfaces are 


separated from each other. It is good for connection between parts with different mesh size 
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and it is a contact condition used when modeling the surface fixed by fasteners such as bolts 
or screws, or when bonding the interface with adhesive or glue material. 

By inputting a failure criterion, the model can be modeled to fall under critical loads or 
stresses. For example, it can be simulated by setting tensile and shear loads as failure criteria 
using conditions such as * Tiebreak Nodes to Surface. In the case of *Tied surface to 
surface failure, the contact condition can be simulated by setting the fracture stress as a 
reference. In general, when using * Tied Contact, rather than using the whole part, set the 


part as * Set Segment to model only the local part. 


A keyword that can simulate a similar phenomenon such as * Tied Contact is * 
Constrained «option». For example, keywords such as * Contrained spotweld ог 
*Constrained generalized Weld, where certain parts are fixedly connected by welding and 
*Constrained  Nodal Rigid Body, which constrain certain groups of nodes to move 


together, can be modeled similarly to tied contact conditions. 


In particular, in the case of * Constrained NodaL Rigid Body, in order to reduce the 
analysis time, this card can be applied by joining the part with the rigid body when stress or 
deformation of a particular part is not important. In the case of automobile collision analysis, 
the analysis time can be shortened by applying parts at the rear of the collision zone that is 


not particularly important in the collision analysis. 
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[Tips for Contact Modeling 
Here are some general tips for contact modeling. First of all, if you are not sure of the exact 
conditions during the initial modeling process, it is safe to apply *Contact_Automatic 
Single Surface and option SOFT = 1 to general explicit analysis first. This is the most 
effective and general method. First of all, the contact condition setting is simple. There is no 
need to define the Slave and Master part separately, especially in case of solving parallel 
analysis. One reason is that in parallel analysis, one macro contact condition is small and 
calculation can be performed faster than several separate contact conditions. The SOFT = 2 
option may provide more accurate results, but it takes more computation time, so it is 
effective to prioritize SOFT = 0 or 1 in the model development process. Disadvantages are 
that the contact force generated at the contact surface cannot be calculated and there are not 
many options to choose from when the analysis time specifies master and slave individually. 
* Contact_automatic_general can be easily set, but it is best to avoid using it because it 


takes the longest analysis time. 


Second, make sure that there are no overlapping elements between each other before 
performing the analysis. LS-DYNA finds the parts that are connected to each other during the 
initialization of the analysis model and automatically deletes them from the contact range. 
Overlapping can be checked through the Keyword Manager — Model Check — Contact 
Check. If IGNORE - 2 is selected in the Control option, a report on the initial penetration 


is printed. 


The key parameter of the contact load analysis is penetration stiffness 'k', so check in 
advance that there will be no errors in the physical quantities that determine k (i.e. the 
material properties and shell thickness). In the case of non-automatic, in case of contact of 
shell element, make sure that shell normal direction is facing each other. If the contact 
between shell elements does not occur at all and penetrates, please check the orientation of 
shell elements first. 

If one-way contact is applied, the master part should be selected where the part with higher 
rigidity or the part with larger overall size and relatively large mesh. The site where the 
contact occurs is as close as possible to produce the mesh size the most stable contact occurs. 
The more complex the contact condition, the smaller the contact damping parameter VDC is. 
It is recommended to use less than 10% (VDC = 10.0). Higher the damping value, the greater 


the instability, which can take longer to solve and interpret. 


279 | Appendix 


Appendix. Useful Tips and Know-How 


In addition, if the problem persists in contact results, it may be helpful to make the time step 
size smaller or the contact stiffness smaller. The time step is smaller than TSSFAC «0.9 in 
*Control Timestep and Contact Stiffness can be solved by reducing Modulus of the part 


where an impact occurs. One way is to reduce the mesh size of the impact area (fine mesh). 
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qa 


M. Parallel Analysis and Single/Double Precision 


Efforts should be made to reduce the analysis time by using parallel analysis when analyzing 
collisions for large structures such as automobile collisions and aircraft and trains. LS-DYNA 
provides two functions, Shared Memory Parallel Processing (SMP) and Massively Parallel 
Processing (MPP). Individual readers may not have a choice, but most large companies have 
an MPP system and perform analysis. 

SMP analysis means that the analysis model is distributed to multiple CPUs in one analysis 
machine and MPP means using all CPUs of multiple analysis machine clusters. In order to 
use SMP, Ncpu = No. of CPU must be entered. Although there are generally about 8 CPUs 
for personal computers in recent years and 32 CPUs for workstations, it is effective to use 
MPP when 5 or more CPUs are used by the calculation method. Up to 5 CPUs, the larger the 
number of CPUs, the more linearly the computation speed seems to decrease, but beyond the 
5, the effect is negligible on SMP. In addition, it can be seen that the analysis results vary 
slightly each time since the method of distributing the calculation to the CPU when using 
SMP varies depending on the situation. Individual readers with fewer than five or six CPUs 
should, of course, use SMP. In the graph below, you can clearly see the difference in analysis 


time according to the number of CPUs. 
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A. Comparison of analysis time according to CPU number !! 


"VY. Lin, C.D. Кап, A performance Study of LS-DYNA on Vehicle Crash Simulation, LS-DYNA International Conference, 2000 
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In addition, the analysis time may vary depending on what memory type is used, what is the 
precision method and what is the data communication method between the CPUs. If the 
option is available to the individual reader, SP (Single precision) and DP (Double precision) 


can be selected. When applying DP, it is known that the analysis time takes about 1.5 times 


longer than SP. 
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A. Comparison of Analysis Times According to SP and DP 11 


Single Precision and Double Precision 


Single Precision uses a 32-bit concept to represent numbers using 0-31 bits represented by 


0,1. In the representation of numbers, the first bit is a sign, the next eight bits are exponents, 


and the remaining 23 bits are numbers. 


SEEEEEEEREE 
01 8 


© 00000000 
1 00000000 


Ө 11111111 
ab ETE ETE al 


(2) ETE ERES ER ER URL 
ШЕЙИТ 


© 10000000 
© 10000001 
1 10000001 


FFFFFFFFFFFFFFFFFFFFFFF 
9 31 


A. Single Precision Expression 


00000000000000000000000 
00000000000000000000000 


00000000000000000000000 
00000000000000000000000 


00000100000000000000000 
00100010001001010101010 


00000000000000000000000 
10100000000000000000000 
10100000000000000000000 


o 
-0 


Infinity 
-Infinity 


NaN 
NaN 


41 * 2**(128-127) * 1.0 - 
+1 * 2**(129-127) * 1.101 
-1 * 2**(129-127) * 1.101 


A Number expressed as Single Precision (example) 
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Double precision, on the other hand, is a representation that takes 64-bit units. The number is 
represented by 0-63 bits. In the representation of numbers, the first bit means sign, the next 


11 bits are exponent and the remaining 52 bits are numbers. 


S EEEEEEEEEEE FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF 
01 11:12 63 


A Double Precision expression 


Thus, Precision can tell you how many decimal points of a number are valid. In the case of 
single-precision, it is valid to 7 ~ 8 digits because it is Logio (27^. In the case of double- 
precision, it is safe to use 15 ~ 16 digits because it is logio (25°). It may be a bit difficult to 
understand, but I think that Single-Precision is effective for the interpretation of individual 
users, not for the interpretation of Science Research. Of course, double precision always 
gives more accurate results than Single. Naturally, the analysis takes a bit longer and the 
effect of the difference in the analysis will not be greater than factors such as the size, 
boundary conditions, and load conditions of the elements in other models. If you ask a nearby 
engineer this concept, they might not be aware of this. However, if you are an engineer 


whose primary focus is analysis, you should be familiar with this concept. 
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До. Convergence Problems 


The convergence in FEM analysis is a problem that can occur in all analysis fields, not just 
the case of using LS-DYNA's Implicit. This is a common problem in the nonlinear analysis if 
the static equilibrium is not maintained. In particular, models that contain a lot of contacts, 
models containing high nonlinear materials such as rubber or tires and models that include 
advanced failure theory will not be easy to solve problems due to convergence. In this chapter, 
I'll give you tips on how to find and solve problems with convergence. As the analysis 


progresses, the problem of convergence is affected by the following factors: 


= Mesh Size: In general, large elements do not look good but do not converge well. 

= Time / Load step size: If the step size to apply the load is too large, it will not converge. 

= Rigid body motion: Load and boundary conditions must be established to maintain equilibrium. 

= Contact: Initial penetration, excessive contact load, contact displacement, etc., those impede 
convergence. 


* Material property: High nonlinearity has a big impact on convergence. 


| What's Convergence 


Basically, FEM produces the result by solving the Matrix Equation. If it is a simple linear 
model, it is the process of solving the following equation and if it is nonlinear, it is the 


process of solving the equation including one more term. 


* Linear Model [K] {u} = {f} 
=  Non-linear model [K (u)] {и} = {f} 


In the linear model, the matrix /К/ is constant and independent of the variable {н}. Thus, 
while it is easy to find a variable, in a nonlinear analysis it is not possible to compute the {u} 


matrix until the /K(uJ/ variable is found. 
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* When starting the FEM calculation, first calculate the initial displacement. 
{и} = {u} =0 
* Then, fu^? is known, we can compute the /K(u^)] matrix. 


* Once the matrix has been calculated, we can solve the governing equations of the system. 


[К Q0)] {ut} = 03 


* However, because FEM is not an exact solution but an approximate solution, the following 


equation does not always hold. 
[К (и!)] {u} (7) #0 


e Therefore, it is necessary to find ќи" through the iteration so that the following value is as 


close to zero as possible. 
[К (w)] {u"} —{f} = 0 


Numerically, it can never reach zero. There is a cut-off value set for each program and it can 
be estimated that convergence was reached when this range was reached. In LS-DYNA, it 
can be set in DCTOL (Displacement Tolerance) of * Control_Implicit_Solution keyword. 

The most common issue with convergence is the problem of the mesh size. As the size of the 
element decreases, the result changes within a certain range as the result changes, so how 


small can you evaluate the mesh size to obtain reliable results? 


| 
| 


displacement at the end of the beam 
Ё 
$ 
t 
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number of degrees of freedom 


A. Aconvergence of Analysis Results According to Mesh Size 
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Reducing the mesh size to steadily increasing stresses or continually increasing 
displacements is an easy experience for everyone. In general, even when the size of the mesh 
is 1/2 if the result is less than 5% of the differences in stress level, then, the mesh 
convergence can be accomplished. This is not a law set by anyone, but an engineering 


judgment commonly used in the engineering field. 


The second problem is the Unstable System. The unstable system represented that the FEM 
model is unrealistic compared to an actual target system. If the force continues to push in one 
direction but the boundary condition to support the force which is not set, the rigid body 
motion occurs, or the stress and displacement occur when the contact occurs. This is the 
situation where a static equilibrium cannot be achieved, consequently, convergence could not 
be maintained. This is the part that needs to be solved by looking at the model 
macroscopically. In addition, convergence problems occur when too large step sizes are 
applied outside the convergence region or when the deformation of the material with 
nonlinear properties does not occur within the convergence region. Let's see how to solve 


these problems concretely in LS-DYNA. 


| LS-DYNA Convergence Problem Solution 


Convergence problems that occur when using the implicit solver in DYNA can be solved in 


several ways. 


= Check the mesh quality in the model. 

If the quality of the mesh created through automesh is poor, convergence may occur. Use the 
Mesh quality check feature in Model Check to improve the shape of a mesh that is of poor 
quality (ie, dents on one side of 2D elements, or poor aspect ratio of solid elements can cause 
negative volume errors). Also, check the free edge to see if there are any meshes that are not 
properly connected. In particular, pay close attention to the area where the beam and shell 


and the shell and solid are connected. 


= Check the unit of the model. 
If the unit of the model is not applied consistently, it is very likely to cause a numerical error, 
so the unit of the model and material property should be checked. In particular, the properties 


of heat, properties of energy, and properties of the fluid can easily fall into error. 
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= Verify that there is no initial penetration in the contact. 

Models with multiple parts are more likely to take for consideration while solving, so check 
them using the Model check -Penetration check function. If the modification of the 
penetration site is difficult, the IGNORE - 1 of the Control keyword can be set to exclude 
the corresponding site from the contact solving. The more complicated and multiple the 


contact area, the smaller the step size should be created. 


= If you are using solid elements, use ELFORM = 1, -1, 13, 16. 
Also, if you are using shell elements, ELFORM - 6, 16, 16 can help with convergence. These 
elements use Under (Reduced) integration, which can be really helpful for convergence even 


with poor mesh quality. 


= Check if the Tied Contact is properly connected. 

If the slave node is not connected to the master node as intended, the rigid body behavior may 
occur, causing problems with convergence. Slave nodes should be smaller than the master, 
but if there are other parts, the corresponding parts should be checked carefully. There is a 
Tied contact check function in Model checking and prior to solving the analysis, this can 


check which nodes are Tied and also it's written in the D3hsp file. 


Model Checking 


Element Quality Keyword Check Contact Check Model Check Setting 
(€) Penet O Tied 
© ByParts @ Contact 


1(1)FORCE TRANSDUCER PENALTY PSET 15 ALL 0 (sub:1) TANK TRANSDUCER 
2(2) FORCE TRANSDUCER PENALTY PSET 67 ALL 0 (sub:1) IMPACTOR TRANSDUCER 
3(3) AUTOMATIC SINGLE SURFACE PSET 1567 ALL 0 (sub:1) 


A "Tied contact check 


= Set the Viscous Damping option VDC = 0.0. 


If damping is set to a large value, implicit solver acts as a deterrent to convergence. 


* Set the Initial time step size smaller. 

How small should it be? First of all, let's analyze by the default step size. If an error that 
doesn't converge occurs, reduce it to 50% of the existing value and re-analyze it. There is also 
an option to automatically adjust the time step via Control_Implicit_Auto. It may also be 
helpful to increase the DCTOL in the * Control_Implicit_Solution keyword or to increase 
the MAXREF (maximum number of operations) to 30-60. 
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= Check for rigid body motion. 

In most cases, rigid body motion occurs when components are not connected or if the 
boundary condition is set incorrectly. In this case, the message 'Negative eigenvalue 
warning' is displayed on the log screen. Looking at the D3hsp file, you can see in more 
detail what part is occurring. If you check the text output file 'EIGOUT'", for the first 10 
Eigenvalues, including the * Control Implicit Eigenvalue keyword in the model, the model 
where Rigid body motion occurs will be almost given zero EIGOUT value. In this case, there 


is a problem in the contact condition or boundary condition, so check those conditions. 


= Switch from Load control to Displacement control. 
In some cases of unstable systems where severe buckling or sudden displacements occur in 
the model, the application of displacement instead of load improves convergence. Using 


*Control Implcit Dynamics also helps with convergence. 


= |f you open the D3iter file (Binary), you can visually check the Convergence problem area. 

If the analysis is interrupted due to convergence problems, let's open the D3iter file and 
observe the shape of the deformation up to the point where the analysis proceeded. It can be 
seen that a problem occurs such that a particular part is blown up by an improper constraint 
or a sudden change of a specific part occurs. Use RESPLT = 1 in the *Database_ 


Extent Binary keyword to identify the problem area more accurately. 
There are many other methods, but the points described so far will be fair enough to identify 


and solve the problem. The most important thing is the logical thinking of the interpreter and 


the inclination to solve the problem and the accumulated experience based on this. 
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AB. Useful Reference aite 


We have compiled a list of sites that you can refer to for your further reference. LS-DYNA is 
a program with a very active user group worldwide. In addition, a lot of technical data and 
articles using LS-DYNA are published in many journals. There are many useful materials and 
analysis models available on the internet for learning purposes. So, you will be able to learn 


your own specific analysis problem using available technical materials. 


www.lsdynasupport.com Provide various learning materials 
www.dynasupport.com Provide various learning materials 
www.DYNAExamples.com Many example models 
www.dynalook.com LS-DYNA Conference Paper 
www.FEAInformation.com Newsletter site 

www.DYNAmore.com Seminar information 

www.D3View.com Tip blog 

LS-DYNA@yahoogroups.com Yahoo user group 

Awg.lstc.com Aerospace field LS-DYNA technical data 


www.nhtsa.gov/crash-simulation-vehicle-models Vehicle crash models available 
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Intentional Blank 
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EPILOGUE 


This book was written for beginning engineers and graduate students who have no 
experience with LS-DYNA. In the future, I will prepare more professional books 
that contains a lot of knowledge and know-how. The author would like to thank 
the readers who study the subject of the FEM. Also, the author would like to 
express sincere appreciation to Puneeth Latha for his helpful comments on this 
edition. Hopefully, this book will improve the FEM problem solving ability of 
many readers using LS-DYNA. Please let me know if you need any further help. 


Also, please contact us if you would like to work on the project together. 


October, 2019 
Ryan Lee 
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